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A STOP-STAR2 STUDY OF SOLID PROPELLANTS 

by G .  E. Jensen 

United Technology Center 
A Division of United Aircraft Corporation 

Sunnyvale, California 

SUMMARY 

Rapid-depressurization ( 5 )  and critical chamber geometry (L*) extinc- 
tion characteristics of a series of composite propellants were investigated 
using a windowed end-burning grain motor for and L* extinguishment tests 
and a slab motor for $ tests. Systematic variation in the binder, binder 
curing agent, catalyst type and concentration, oxidizer concentration, and 
aluminum loading level were studied to elucidate the mechanisms of composite 
propellant combustion extinguishment. 

The binder-polymer structure was found to have major influence upon 
the rapid depressurization termination characteristics of the tested non- 
aluminized propellants. Propellants containing CTPB, PBAN, and PEP binders 
were the most difficult to terminate and had similar termination character- 
istics (-60 000 psi/sec at 500 psia). 
PIB were found to be much easier to terminate (-26 000 psi/sec at 500 psia). 
The critical depressurization rate for termination was found to be less 
a function of burning rate than predicted by Von Elbel’k and Paul2 , but 
more directly related to the thermal and oxidative degradation characteris- 
tics of the binder polymer. Those propellants exhibiting greater suscepti- 
bility to oxidative degradation of the binder (CTPB and PBAN) were more 
difficult to terminate than the more easily thermally-degraded propellants 
(PIB and PU). 

Propellants formulated with PU and 

The effect of curative type and polymer-to-curative equivalence ratio 
was explored using the PIB polymer-based propellants. While this series of 
propellants exhibited a wide range of tensile properties, the termination 
characteristics of the propellants were negligibly affected by the curative 
type or equivalence ratio. In contrast, increasing the fuel content of 
another series of PIB propellants resulted in a significant lowering of 
the termination limits. However, substitution of aluminum for AP had little 
effect upon the termination limits, nor did inclusion of copper chromite and 
iron oxide burning rate catalysts significantly affect the termination be- 
havior of the basic PIB propellant system. 

* 
Superscript numbers denote references appearing on page 93. 
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The propellant binder system also was found to control the L* extinc- 
tion behavior. Propellants formulated with PIB and PU demonstrated higher 
extinction pressures than the propellants formulated with CTPB, PEP, and 
PBAN binders. In addition, it was found that increasing the fuel content 
or substitution of aluminum for AP further increased the extinction pressure 
of PIB propellants. Inclusion of burning rate catalysts resulted in no 
change of the extinction pressure level. 

High-speed motion pictures were used to supplement the characteriza- 
tion tests. Good picture quality was obtained and several significant 
points were discernible in the film sequences. In those instances where 
the rate of chamber pressure depressurization was significantly above the 
rate necessary for termination, extinguishment was achieved shortly after 
initiation of chamber venting and at a chamber pressure above the exhaust 
or ambient pressure level (14.7 psia). 
rate was much less than that needed for extinction, there was no discernible 
pause in the combustion of the grain, although there was an adjustment of 
the burning rate to the imposed pressure change. In some instances, at 
rates slightly less than the critical depressurization rate, the grain was 
extinguished but reignition occurred several seconds later. Reignition at 
the propellant/inhibitor interface was noted in some tests. Such interfaces, 
which are likely to occur in working motors, must necessarily be considered 
in the design of any termination system. 

In cases where the depressurization 

2 
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INTRODUCTION 

This final technical report is submitted in accordance with the require- 
ments of Contract No. NAS 1-6601. The principal objective of these studies 
was to experimentally and theoretically investigate the basic parameters 
controlling solid propellant extinguishment and thrust modulation resulting 
from rapid depressurization or critical chamber-geometry extinguishment. 
Using two types of depressurization motors and an L* extinguishment appara- 
tus, solid propellant combustion termination behavior was investigated as 
a function of formulation variables. Systematic variation in the binder, 
type of catalyst, oxidizer concentration, reactivity at the oxidizer fuel 
interface, and metal additives were used to study the extinguishment be- 
havior and provide guidelines for solid propellant optimization. 
ally, a theoretical model of combustion termination behavior was developed 
and programmed for computer solution. 

Addition- 

Numerous experimental and theoretical 3Y4Y5Y6Y7Y8Yand studies have 
shown the rate of depressurization needed for successful termination to be 
a function of the propellant formulation and to be modifiable by the addi- 
tion of formulation additives. L* correlated combustion termination has 
been postulated to occur by rapid depressurization generated by low-frequency 
instabilities, and the ease of termination by this mode has also been shown 
to be affected by formulation differences in much the same manner as that 
found for termination. 

Termination of propellant combustion requires that the rate of heat 
generation in the combusting surface be reduced to a point where the exo- 
thermic processes are no longer self-sustaining. Thus, the function of 
any termination system is to reduce the pressure and temperature in the 
combustion zone such that heat generation by gas-phase combustion feedback, 
exothermic oxidizer decomposition, and oxidative degradation of the binder 
is less than the heat loss by conduction and thermal degradation of the 
binder. While the overall aspects of these processes are qualitatively 
simple in nature, quantitative and usable understandink of the mechanisms 
of combustion termination is lacking. 

Ignition and combustion studies 9y10y11 conducted at UTC suggested 
that the related processes of combustion termination and ignition of AP 
propellants are affected to a significant extent by the thermal and oxida- 
tive characteristics of the binder and the pressure level at which these 
processes occur. 

To interrelate the effect of binder and other formulation differences 
with environmental conditions and to further define the mechanisms of 
propellant termination, the experimental and theoretical investigation as 
reported herein was conducted. Basically, the program consisted of three 

3 
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a s p e c t s :  (1) an experimental  study of 
s t u d i e s ,  (2) an experimental  s tudy of L* e x t i n c t i o n  behavior ,  and (3 )  t h e  
development of + a n  a n a l y t i c a l  model oE combustion e x t i n c t i o n  behavior .  The 
experimental  por t ions  of t h e  program c o n s t i t u t e d  t h e  primary e f f o r t  during 
t h e  per iod  of  performance and 
The t h e o r e t i c a l  model  which has evolved from the experimental  studies i s  
discussed following the  experimental  r e s u l t s .  

behavic r inc luding  high-speed f i l m  

thus make up the major p o r t i o n  of t h i s  r e p o r t .  

4 
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E W E  RIMENTAL STUDIES 

The depressurization studies were conducted using two similar rapid- 
depressurization motors. 
performed in a dual-nozzle motor using a 1-lb slab grain. A second window 
motor utilizing smaller freecstanding grains was used for high-speed film 
studies and for the study of environmental effects. Details of both motors 
and the experimental techniques associated with their usage and the ex- 
perimental results are presented in subsequent sections. 

The bulk of the characterization studies were 

Equipment and Experimental Procedures 

Slab motor. - The slab motor used for rapid depressurization character- 
ization is shown schematically in figure 1 and pictorially in figure 2. The 
basic element is a small motor containing propellant slabs (1-lb) with dual- 
nozzle assemblies located at the motor centerline. The smaller assembly is 
the steady-state nozzle used during the entire test time, and the large 
assembly is the depressurization nozzle. This depressurization nozzle con- 
sists of a double-burst disc assembly with a pressurization port located 
between the discs. The motor has been designed such that a liner may be 
attached to all of the internal motor surfaces if desired. 
slabs were positioned in the forward end of the box, allowing better de- 
veloped flow conditions for both nozzles. Though the test apparatus may 
be attached to a surge tank, as illustrated in figure 1, to simulate various 
exhaust conditions, the motor was exhausted to the atmosphere (14.7 psia) 
in all the studies reported herein. Instrumentation consisted of light 
sensors, pressure transducers, recorders, and time-sequencing circuits. 

The propellant 

Depressurization was accomplished by bursting the downstream disc of 
the double-disc assembly with a momentary overpressure in the chamber be- 
tween the burst discs. This rupture resulted in a large pressure difference 
being developed across the upstream disc which burst the disc and opened 
the termination nozzle. If correctly sized, the combination of the two 
nozzles results in a depressurization rate sufficient to terminate com- 
bustion. 

The testing cycle was a programmed operation. At time zero, to, the 
fire switch activated the recorder. After a short time delay, rl, which 
assured that the recorder attained the proper chart speed, the igniter was 
initiated. Following another delay, t which allowed sufficient time for 
the motor to reach steady-state conditions, the termination solenoid was 
activated, causing the overpressure of the downstream disc. The remaining 
delay, ‘3, allowed sufficient time for the actual termination period before 
recorder shutdown. 

2 ’  

5 
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During t h e  t es t  c y c l e ,  two Texas Instrument  LS-223 p h o t o v o l t a i c  l i g h t  
sensors  were used t o  monitor t h e  p r o p e l l a n t  flame condi t ions  and a 0 t o  
1000 p s i g  s t r a i n  gage t ransducer  was uscd t o  fol low t h e  p r e s s u r e  t r a n s i e n t .  
The motor has  been used s u c c e s s l u l l y  a t  p r e s s u r e s  up t o  700 p s i a .  Using 
t h e  l a r g e s t  terminat ion nozzle  (0.99 i n . )  and reducing t h e  motor volume by 
t h e  a d d i t i o n  of s t ee l  b locks ,  d e p r e s s u r i z a t i o n  rates of -90 000 p s i / s e c  
can be  obtained.  This  ra te  a l s o  r e p r e s e n t s  t h e  upper accuracy l i m i t s  o f  
t h e  instrumentat ion system. 

A s  a r e s u l t  o f  t h e  programmed o p e r a t i o n ,  a wide range of tes t  condi-  
t i o n s  can be s t u d i e d  using one p r o p e l l a n t  g r a i n  i n  several tests.  The 
t i m e  d e l a y s ,  and t a re  a l l  a d j u s t a b l e  over  reasonably w i d e  ranges.  

t l ,  5’ 3 ’  

Window motor. - The window motor depic ted  i n  f i g u r e s  3 and 4 has a 
dual-nozzle  system w i t h  a s t e a d y - s t a t e  nozzle  on top of t h e  motor and a 
depressur iza t ion  nozzle  a t  t h e  end of t h e  motor o p p o s i t e  t h e  end-burning, 
s o l i d  propel lan t  g r a i n .  High-pressure s t a i n l e s s  s t ee l  tubing 3 - in .  OD by 
2-in.  I D  w a s  used f o r  t h e  body of t h e  motor and t h e  window tubes .  Ladisli 
h igh-pressure flanges were a t t a c h e d  t o  t h e  ends o f  t h e  body wi th  double 
welding. A safe opera t ing  p r e s s u r e  l i m i t  of  1200 p s i  w i th  a 300 p s i  
s a f e t y  margin was provided by 1 - i n .  t h i c k  by 3 - in .  d i a m e t e r  tempered Pyrex 
windows. Replacing t h e  Pyrex windows wi th  s t ee l  blanks provided a means of 
opera t ing  a t  p ressures  up t o  2500 p s i .  The Pyrex windows have a c lear  
d i a m e t e r  of 2.0 i n .  and were held i n  p l a c e  w i t h  a 6-bol t  f l a n g e  and a 
Viton-A gaske t  assembly. Provis ion  w a s  made t o  provide  n i t r o g e n  f l u s h i n g  
of t h e  windows should i t  become necessary during photographic s t u d i e s .  

A s  shown schematical ly  i n  f i g u r e  3 ,  t h e  i n i t i a l  f ace  of t h e  end-burning 
g r a i n  was held t o  t h e  l e f t  of t h e  c e n t e r l i n e  of t h e  window tubes .  A f t e r  
t h e  f ace  was i g n i t e d ,  t h e  g r a i n  regressed  toward t h e  c e n t e r l i n e .  Rapid d e -  
p r e s s u r i z a t i o n  and f i lming o f  t h e  te rmina t ion  process  can be  programmed t o  
begin when t h e  g r a i n  f a c e  r e g r e s s e s  t o  t h e  c e n t e r l i n e  o r  t o  any any o t h e r  
convenient po in t .  Programming was achieved by a t i m e r  system. 

The propel lan t  g r a i n s  were i g n i t e d  by mounting a p a t t e r n e d  nichrome 
hea t ing  w i r e  on t h e  f ace  of t h e  g r a i n ,  t h e  l e a d s  being passed through t h e  
back end of t he  sample-holder. Combustion p r e s s u r e s  were c o n t r o l l e d  by 
s i z i n g  t h e  p y r o l y t i c  g r a p h i t e  s t e a d y - s t a t e  nozz les  mounted on top  of t h e  
motor. 

Depressurizat ion of t h e  motor was accomplished by punctur ing a b r a s s  
o r  Mylar b u r s t  d i s c  mounted j u s t  a f t  of t h e  te rmina t ion  nozz le .  Both types  
of d i s c s  were bu r s t  by t h e  f i r i n g  console  energ iz ing  t h e  upper solenoid 
shown i n  f i g u r e  4 ,  causing t h e  sp ike  t o  be d r i v e n  i n t o  t h e  diaphragm. Upon 
b u r s t i n g  of t he  diaphragm, t h e  motor w a s  exhausted through a s t a i n l e s s  
s t e e l  nozzle  sized f o r  t h e  d e s i r e d  ra te  of d e p r e s s u r i z a t i o n .  With t h r o a t  
diameters  up t o  2.0 i n . ,  d e p r e s s u r i z a t i o n  ra tes  as  high as  - 1 . 2 ~ 1 0  
a t  500 p s i  can be obtained.  

6 p s i / s e c  



UTC 2243-FR 

r- 

k 
0 
U 

2 

9 



UTC 2243-FR 

k 
0 
U 

2 
'tJ c 
ri 
3 



UTC 2243-FR 

By plugging the upper steady-state nozzle and using the termination 
nozzle as a steady-state nozzle, L a  tests were run in the same apparatus 
using cylindrical regressive-burning grains rather than neutral-burning end 
burners. For the L* tests, a 1000-liter vacuum chamber was attached to the 
test apparatus. 
Texas Instrument LS-223 photovoltaic light sensors and strain-gage pressure 
transducers, Signals from these instruments were recorded on a Consolidated 
Electrodynamics Corporation 124 oscillograph at paper chart speeds of 64 
in./sec. 

Instrumentation for both L* and 6 tests consisted of two 

Initially, the chamber pressure was measured using a 10 to 3000-psi 
Kistler quartz pressure transducer with a rise time of 3psec. 
trical signal from the transducer charge amplifier was recorded on film 
using a Tetronix oscilloscope with a 5 msec/cm sweep speed. 
catch the first portion of the depressurization transient, the scope signal 
was triggered by the signal used for energizing the depressurization sole- 
noid. In order to achieve proper bursting, it was necessary to use discs 
which would self-burst at a pressure just above the desired operating 
pressure. Some discs would burst prematurely and the scope signal would 
not be triggered. Since comparison between the depressurization rates 
obtained using the strain-gage transducer system and the Kistler transducer 
system showed less than 5% difference for depressurization rates up to 
-35 000 psi/sec., the Kistler system was not used in later tests. 

The elec- 

In order to 

The bulk of the high-speed film tests were performed using a 500 frame/ 
second 16 mm camera and the light system shown in figure 5. With the camera 
aligned approximately 30 degrees to the combusting face of the sample, 
filming was initiated immediately prior to ignition of the sample and 
stopped 500 to 1000 msec after chamber depressurization. An ASA 125 color 
film was used with a 1/2500 sec. shutter speed and an aperture stop of 
about 8.0, depending on the expected luminosity. 

A limited number of tests were performed using a 2-sec. flashback 
lamp and a Red Lakes camera operating at 2000 frame/second. 
intensity of the light was low and a shadowgraph-like picture resulted 
from the lack of a forelight. Since the results were not satisfactory, 
this system was not further developed. 

However, the 

Experimental Results 

As discussed in the previous section, the 1-lb. slab motor was used 
for the $ characterization while the window motor was used in the film 
studies as an aid to elucidating the mechanisms of combustion termination. 
A s  a consequence, the experimental findings of this study have been divided 
into two parts: 
characterization studies, and "High-Speed Film Tests," describing the 
findings of the film studies. A discussion of the interrelation of these 
two portions of the program, the L7'c studies and interpretation of the 
results, is presented in the section entitled, "Discussion and Analysis.'' 

"Experimental Studies,'' describing the results of the 
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Depressur iza t ion  s t u d i e s . -  Six b a s i c  formulation v a r i a b l e s  w e r e  eva lu-  
a t e d  i n  t h e  course of t h e  program: (1) binder-polymer/curative system, (2) 
f u e l  o r  b inde r  concen t r a t ion ,  (3) AP p a r t i c l e  s i z e  d i s t r i b u t i o n ,  ( 4 )  AP 
p a r t i c l e  c o a t i n g s ,  (5) c a t a l y s t  type and concen t r a t ion ,  and ( 6 )  aluminum 
loading level.  The formulation of t h e s e  p r o p e l l a n t s  and t h e  exper imenta l  
r e s u l t s  are d e t a i l e d  i n  the  following paragraphs.  

Binder -cura t ive  s t u d i e s :  The b a s i c  p r o p e l l a n t s  used f o r  t h e  s tudy  of 
polymer and c u r a t i v e  system e f f e c t s  a l l  contained 84% AP w i t h  a 70:30 coa r se -  
t o - f i n e  r a t i o  and were nonaluminized. A s  i nd ica t ed  i n  t a b l e  I ,  t h e  e f f e c t  
of binder-polymer s t r u c t u r e  upon combustion t e rmina t ion  w a s  s tud ied  us ing  
f i v e  b a s i c  polymer systems: PBAN, CTPB, UTREZ, PU, and PEP. 
(MAPO), epoxy and az i r id iny l / epox ide  c u r a t i v e  agen t s  were used f o r  formula- 
t i o n  of t h e  PBAN, CTPB, UTREZ, and PEP b inder  systems, w h i l e  t h e  PU p rope l -  
l a n t  w a s  formulated wi th  an isocyanate c u r e  system. With t h e  except ion  of 
t h e  PEP p r o p e l l a n t ,  a l l  p rope l l an t s  were p l a s t i c i z e d  wi th  d i o c t y l  a d i p a t e ,  

A z i r i d i n y l  

TABLE I. - BINDER FORMULATION STUDIES 

Binder e q u i v a l e n t s /  
P r o p e l l a n t  Curing agent  

UTX - Binder Curing agent  (s) - equiva 1 e n t  s 

9394 CTPB Epoxy/Aziridinyl(MAPO 1.0:4:0.9 

9377 PBAN EPOXY 0.5: (1.3:5)a 

9711 PBAN A z i r i d i n y l  1 .0:1.2 

9379 UTREZ Az i r i d  i n y l  1.0:1.2 

9389 PU I socyanat e 0.4:l.O 

9710 UTREZ Az i r  i d  i n y l  1.0:1.5 

9712 UTREZ Aziridinyl/Epoxy 1.0:1.0/0.3 

9395 PEP Az i r  i d  i n y l  

9775 CTPB EPOXY 

1.0:1.5 

0.8 (1.3:2) 

a 1 .3  equ iva len t s  of epoxy r e s i n ,  0.5 e q u i v a l e n t s  epoxy c r o s s l i n k i n g  agen t .  

I n  a n  e f f o r t  t o  main ta in  p rope l l an t  un i formi ty  from ba tch  t o  ba t ch ,  
l a r g e  s i n g l e  l o t s  of each of t h e  b inders  were used dur ing  t h e  course  of 
t h e  program t o  reduce v a r i a t i o n s  i n  b inde r  p r o p e r t i e s .  Di f fe rences  caused 
by AP v a r i a t i o n s  are not  as eas i ly  c o n t r o l l e d .  The use  of one l o t  of ox i -  
d i z e r  does n o t  provide adequate con t ro l  because of t h e  n a t u r a l  agglomera- 
t i o n  of t h e  o x i d i z e r  c r y s t a l s  during a 1-year program. However, an  a t t empt  
was made t o  minimize agglomeration i n  t h e  l a r g e  l o t  by repackaging t h e  
material i n  smaller 20-lb l o t s ,  using p l a s t i c  bags wi th  a d e s s i c a n t  i n  each 
bag. However, i n  s p i t e  of t h i s  p recau t ion ,  dur ing  t h e  second q u a r t e r  of 
performance it  w a s  found t h a t  t h e  f i n e l y  ground AP w a s  agglomerating 
seve re ly .  The s to red  f i n e s  were then d iscarded  and t h e  remainder of t h e  
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propellants formulated with freshly-ground fine AP and the stored large- 
particle AP which showed little agglomeration during the course of the 
program. Screen-analysis data of the coarse and fine AP are listed in 
table 11. Screening of the ground (or fine) AP showed 10% of the material 
to be less than 3pin diameter, 50% to be less than 6.3p in diameter, and 
90% to be less than 10.4pin diameter. 

TABLE 11. - COARSE AP SCREEN ANALYSIS 

Sieve no. (Tyler) 

16 (lOOOp) 

48 ( 297p) 

65 ( 210p) 

100 ( 149p) 

200 ( 74p) 

325 ( 44p) 

Percent 
cumulative retained 
Minimum Maximum 

0 0 

4 12 

30 50 

62 8 0  

95 99 

98 100 

Mean particle diameter - 19Op 

The measured strand-burning rates of the propellants listed in table 
I are presented in figure 6 .  Within the pressure limits of the rapid- 
depressurization tests (0 to 1000 psi), the PEP propellant (UTX-9395) had 
the highest burning rate, burning at the rate of 0.355 in./sec at 1000 psig 
with a burning rate exponent, n, of 0.25. The two PBAN propellants had 
the highest burning rate exponents (11-0.4) and had nearly identical 
burning rate characteristics. The slowest burning propellants were those 
formulated with UTREZ. 
1000 psi; however, nearly identical UTREZ formulations have been success- 
fully fired in micromotors at pressures up to 2500 psi. A measure of the 
effect of batch-to-batch formulation differences upon burning rate can be 
obtained from the CTPB strand data plotted in figure 6. The open and 
closed circles represent burning rates for two batches of propellant mixed 
several weeks apart. While slight differences in burning rate can be 
noted, these differences are less than the experimental differences for 
different strands from any one batch. 

These propellants did not burn in strand form at 

Qualitative physical differences between the tested propellants were 
noted. 
fuel and AP crystals. 
handling of cut surfaces, resulted in significant loss of AP from the sur- 
face. The other propellants did not exhibit these characteristics; however, 
the propellant formulated with CTPB (UTX-9394) had a more plastic consis- 
tency, while the UTREZ (UTX-9710) formulated with 1.5 equivalents of the 
aziridinyl curative was an extremely hard propellant. 
samples for the window-motor studies were machined to size, rather than 
cut in the normal manner. 

The PU propellant exhibited poor interfacial bonding between the 
Cutting or machining of the propellants, or even 

In the latter case, 
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Individual rapid depressurization data were obtained for all nine 
propellants. For reporting purposes, the maximum rate of chamber depres- 
surization (initial rate of depressurization) has been plotted versus the 
chamber pressure at initiation of chamber venting. 
plotted on alternate bases and additional parameters (i.e., ambient pressure 
level, motor geometry, and depressurization path) rather than chamber pres- 
sure and rate of depressurization can be utilized to define the absolute 
combustion termination limits. However, for purposes of discrimination 
between formulation differences, the representation used here is considered 
sufficient . 

These data can be 

The effect of normal batch-to-batch formulation differences upon the 
termination characteristics of the CTPB propellant (UTX-9394) is shown in 
figure 7. The lines shown in figure 7 and in subsequent figures are the 
best line separating the zone of combustion termination from the zone of 
reignition or nontermination of combustion. The flagged points represent 
data obtained using a propellant batch formulated several weeks after for- 
mulation of the original batch. In this instance, there is possibly some 
difference between the results obtained using the two batches, although 
these differences are of the same order as the uncertainties in determining 
the rate of depressurization. Similar batch differences effects are shown 
in figure 8 for the PBAN propellant UTX-9377. In this case, there is even 
less divergence at low pressures, but at higher pressures, the data are 
completely incongruous. The second batch of PBAN propellant required con- 
siderably higher depressurization rates f o r  successful termination at chamber 
pressures of  200 psi and above. 
second batch of propellant had been formulated with'AP fines which had 
agglomerated. It was also noted that the data obtained with the first 
propellant batch are completely in agreement with data obtained on an in- 
house project using a similar PBAN propellant. Though other factors may 
have caused this inconsistency, it was felt that the agglomeration of the 
AP apparently altered the combustion termination characteristics of the 
second batch. In order to explore this possibility further, a third batch 
of propellant, using unagglomerated crystals, was evaluated. 
were found to coincide with those for the second or agglomerated batch of 
propellant. Results obtained with a fourth batch of propellant, formula- 
ted several months later, are shown in figure 9. These data, although 
quantitatively different from the first results, do tend to support the 
original results. 
For comparison purposes, the data of figure 9 are used since they represent 
a mean of the various test results. 

Further investigation revealed that the 

These data 

The causes for these differences are open to speculation. 

The binder-polymer structure was found to have major influence upon 
As evidenced the termination characteristics of the tested propellants. 

in figures 7 through 12, the PEP and CTPB propellants were the most diffi- 
cult propellants to terminate and had nearly identical termination charac- 
teristics. The epoxy-cured PBAN propellant was only slightly less diffi- 
cult than the PEP and CTPB propellants, but was more difficult to extin- 
guish than the UTREZ and PU grains which had similar characteristics. These 
differences can best be seen in figure 13 where the different critical limit 
lines are compared. 
section entitled, "Discussion and Analysis." 

Interpretation of these results is presented in the 
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The effect of curative type and polymer-to-curative equivalence ratio 
As evidenced in figure was explored using UTREZ, PBAN, and CTPB polymers. 

14, an increase in the aziridinyl to UTREZ equivalence ratio from 1.2 to 
1.5 resulted in a slight increase in termination requirements. However, 
the increase of aziridinyl produced an extremely hard propellant which had 
to be machined rather than cut. Figure 15 presents data obtained using a 
third UTREZ propellant, UTX-9712, formulated with 1.0 equivalents of aziri- 
dinyl and 0.3 equivalents of epoxide. This propellant has the same charac- 
teristics as UTX-9379 containing 1.2 aziridinyl equivalents. The mechanical 
properties of UTX-9712 are compared with those of the hard UTX-9710 in 
figure 16. Increasing the crosslinking density increased the modulus by a 
factor of two for the strain rates used in the evaluations (0.7 sec-I). 
the basis of this information, it was concluded that for saturated polymers, 
bulk mechanical property differences resulting from increased crosslinking 
have little effect on termination behavior. 

On 

As shown in figure 17, UTX-9711 containing PBAN formulated with the 
aziridinyl curative has significantly higher termination requirements than 
the previously tested epoxide-cured PBAN propellant. 
levels, the termination characteristics of the UTX-9711 exceed the capa- 
bilities of the slab motor. However, as in the case of the anomalous 
results obtained with the two batches of UTX-9377, this increase may result 
from uncontrolled minor formulation differences rather than differences in 
curative systems. A reverse effect was found for the CTPB propellants. As 
shown in figure 18, the completely epoxy-cured CTPB propellant, UTC-9775, 
could not be terminated in the slab motor although the reference MAPO/epoxy- 
cured propellant could be. It was not determined if the increase in termina- 
tion limits was significant since the reference CTPB MAFQ/epoxy propellant 
requires rates near the upper limit of the apparatus. Thus, on the basis 
of the contradictory evidence obtained with the two basically similar 
polybutadiene binder systems, no conclusions can be made concerning the 
effect of curative system. 

At the higher pressure 
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Addi t ive  e f f e c t s :  The f i r s t  t h r e e  p r o p e l l a n t s  l i s t e d  i n  t a b l c  111 
w e r e  used t o  study o x i d i z e r  (or  f u e l )  loading l e v e l ,  wh i l e  t h e  o t h e r  pro-  
p e l l a n t s  were t e s t ed  t o  e s t a b l i s h  t h e  e f f e c t  of c a t a l y s t s ,  AP p a r t i c l e  
s i z e  and coa t ing ,  and aluminum a d d i t i o n .  These p r o p e l l a n t s  were a l l  f o r -  
mulated w i t h  the s a t u r a t e d  polymer UTREZ, AP w i t h  an  80:30 c o a r s e - t o - f i n e  
r a t i o ,  and a n  a z i r i d i n y l  c u r a t i v e  (MAPO). UTREZ w a s  chosen f o r  t h e s e  tes ts  
f o r  s e v e r a l  reasons. The polymer i s  a well-defined pure  polymer i n  con- 
t r a s t  t o  such polymers a s  PBAN o r  PBAA. It does not  p r e s e n t  t h e  func t ion -  
a l i t y  problems of CTPB and ,  as f a r  as i s  known, t h e s e  tes ts  c o n s t i t u t e  
t h e  f i r s t  c h a r a c t e r i z a t i o n  of a chemically s a t u r a t e d  b inde r .  F i n a l l y ,  t h e  
p rev ious ly  discussed s t u d i e s  wi th  UTX-9379 demonstrated t h a t  UTREZ pro-  
p e l l a n t s  a r e  r e l a t i v e l y  e a s i l y  terminated and thus  may have a p p l i c a t i o n  
f o r  f u t u r e  c o n t r o l l a b l e  s o l i d  rocket motors. Strand burning rate d a t a  
f o r  t h e s e  p r o p e l l a n t s ,  inc luding  t h e  r e fe rence  p r o p e l l a n t  UTX-9379, are 
presented  i n  f igures  19 and 20. 

TABLE 

Prop e 1 l a n t  
UTX - 

9379a 
9713 
9714 
9715 
9717 
9718 
9719 
9 720 
9754 

9757 

9755 
9756 
9757 
9772 

111. - COMPOSITIONS OF UTREZ PROPELLANTS 

Percent 
Oxid izer  

loading (AP) Add i t ives  

84.00 None 
80.00 None 
76.00 None 
83.75 0.25% I r o n  Oxide 
83.50 0.50% I r o n  O x i d e  
83.75 0.25% Copper Chromite 
83.50 0.50% Copper Chromite 
83.87 0.13% Copper Chromite 
84.00 (400p l a r g e -  None 

d i a m e t e r  AP, 
70:30 coa r se -  
t o  - f i n e )  

80.00 

80.00 
76.00 
68.00 
68.00 

L a r g e - p a r t i c l e  AP 
coated w i t h  1.5% K e l - F  
4% H-322 aluminum 
8% H-322 aluminum 
16% H-322 aluminum 
12% HI-322 aluminum, 

4% aluminum needles  
a Reference p r o p e l l a n t ,  
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Oxid izer  loading- leve l  s tud ie s :  A s  shown i n  f i g u r e  19 ,  dec reas ing  
t h e  o x i d i z e r  loading- leve l  r e su l t ed  i n  a s i g n i f i c a n t  r educ t ion  o f  t h e  pro- 
p e l l a n t  burning r a t e s ,  bu t  had l i t t l e  e f f e c t  on t h e  burning rate exponents.  
These p r o p e l l a n t s  a l s o  were q u a l i t a t i v e l y  s i m i l a r  i n  appearance t o  t h e  more 
heavily-loaded UTX-9379. Though the s t r a n d  data f o r  t h e  UTX-9754 show a 
nega t ive  s l o p e ,  motor da t a  showed a burning ra te  exponent o f  0.18. 

Although s imi la r  i n  appearance, t h e s e  p r o p e l l a n t s   did^ demonstrate 
d i f f er en t @ c h a r a c t e r  i s  t i c  s . The ind iv idua  1 rap  i d  -d epr  e s s u r  i z a  t i o n  test  
d a t a  a re  shown i n  f i g u r e s  2 1  and 22 and t h e  c r i t i c a l  d e p r e s s u r i z a t i o n  l i m i t  
l i n e s  are  shown i n  f i g u r e  23 i n  comparison t o  t h e  l i n e  f o r  UTX-9379, t h e  
r e f e r e n c e  p r o p e l l a n t .  As evidenced i n  t h e s e  f i g u r e s ,  decreas ing  t h e  o x i d i -  
z e r  l oad ing- l eve l  a t  a given pressure r e s u l t e d  i n  a s i g n i f i c a n t  dec rease  i n  
t h e  d e p r e s s u r i z a t i o n  rates required f o r  t e rmina t ion ,  t h e  major p o r t i o n  of 
t h i s  decrease  occurr ing  i n  t h e  i n t e r v a l  from 84% t o  80% AP. Reducing t h e  
AP concen t r a t ion  from 84% t o  80% reduced t h e  r equ i r ed  d e p r e s s u r i z a t i o n  r a t e  
a t  400 p s i a  from 20 000 p s i / s e c  t o  9000 p s i / s e c .  
AP decreased t h e  ra te  t o  7000 p s i / s e c .  I n  c o n t r a s t ,  t h e  incremental  change 
i n  burning ra te  w a s  l a r g e r  when the AP concen t r a t ion  w a s  reduced from 80% 
t o  76% (0.135 i n . / s e c  t o  0,095 i n . / s e c )  than  when t h e  AP concen t r a t ion  was 
reduced from 84% (0.171 i n . / s e c  t o  0.135 i n . / s e c ) .  

Fur ther  r educ t ion  t o  76% 

While i t  i s  d i f f i c u l t  t o  q u a n t i t a t i v e l y  d e s c r i b e  t h e s e  r e s u l t s ,  some 
q u a l i t a t i v e  i n t e r p r e t a t i o n  of t h e  e f f e c t  of decreas ing  t h e  o x i d i z e r  con- 
c e n t r a t i o n  can be  made. Both t h e  s t e a d y - s t a t e  combustion and t e rmina t ion  
behavior a r e  determined by a n  energy ba lance  a t  t h e  p r o p e l l a n t  s u r f a c e .  
Inc reas ing  t h e  f u e l  concen t r a t ion  w i l l  i n c r e a s e  t h e  endothermic con t r ibu -  
t i o n s  t o  t h e  energy ba lances  f o r  two r easons :  (1) increased  endothermic 
thermal decomposition of f u e l ,  and ( 2 )  decreased su r face  area f o r  p o s s i b l e  
exothermic c o n t r i b u t i o n s .  Horton, Bruno , and Graesser12 have demonstrated 
t h i s  mathematically w i t h  t h e  a i d  of a simple bu t  a p p r o x i m t e  model, As 
t h e  n e t  hea t  release a t  t h e  combusting s u r f a c e  decreases  o r  even becomes 
more endothermic, t h e  r a t e  of combustion i s  decreased and t h e  t e rmina t ion  
requirements a r e  a l s o  decreased. 

Oxidizer p a r t i c l e  s i z e :  Data shown i n  f i g u r e  24 i n d i c a t e s  t h a t  
t h e  s u b s t i t u t i o n  of 4 O O p  mean diameter coa r se  AP f o r  t h e  190p p a r t i c l e s  
used normally inc reases  the  dep res su r i za t ion  l i m i t s  a t  h ighe r  p r e s s u r e s  
(above 250 p s i )  and decreases  t h e  l i m i t s  a t  lower p re s su res .  Strand 
burning ra te  da ta  f o r  UTX-9754 shown i n  f i g u r e  19 i n d i c a t e  i n c l u s i o n  of 
t h e  l a r g e r  diameter bo th  reduced the burning ra te  and made t h e  burning 
r a t e  e s s e n t i a l l y  independent of p re s su re  ( i . e . ,  a burning rate exponent of 
-0.05). This  p r o p e l l a n t  a l s o  could n o t  be  i g n i t e d  i n  s t r and  form a t  p r e s -  
s u r e s  above 400 p s i .  Pressures  r e a l i z e d  i n  t h e  s l a b  motor con t r ad ic t ed  
t h e  s t r a n d  burning r a t e  exponent as  a va lue  of 0.18 w a s  c a l c u l a t e d  on t h e  
b a s i s  of t h e  nozz le  s i z e s  requi red  f o r  p r e s s u r i z a t i o n .  

Oxid izer  p a r t i c l e  coa t ' ng :  Other workers have suggested t h e  use  of 
ha log  en flame supp re s san t sl$ f o r  inc r ea s ing t ermina t ion  suscep t i b  i li t y  . 
The e f f e c t s  of such m a t e r i a l s  might b e  t h r e e - f o l d :  t h e  halogen-containing 
material  may d e p r e c i a t e  t h e  c r o s s l i n k  s t r e n g t h ,  o x i d i z e r  decomposition may 
b e  a l te red ,  and gas-phase combustion might be  i n h i b i t e d .  Any of t h e s e  
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results, particularly the latter two, would result in an increase in ter- 
mination susceptibility. 

The effect of such materials was explored by formulating UTX-9759, in 
Since which the large-diameter AP had been coated with 1.5% Kel-F polymer. 

attempts to coat the fine AP resulted in sticky agglomerates, only the 
coarse AP was coated. Also, because the Kel-F coating impedes the mixing 
process, only an 80% total solids loading was used. Thus, the Kel-F con- 
stituted 0.84% of the total propellant. 

Gross comparison of the burning rate data of UTX-9757 and UTX-9713 
shown in figures 19 and 20 indicates the Kel-F coating had a negligible 
effect upon burning rate. The rapid depressurization data for UTX-9757 
shown in figure 25 also shows little or no effect upon combustion termina- 
tion behavior. Whether greater concentrations of Kel-F would yield similar 
results is open to speculation. 

Catalyst studies: The burning rate data presented in figure 19 
show that at equal concentrations of catalyst, the copper chromite was a 
better catalyst than the iron oxide. Both burning rates and burning rate 
exponents were increased by the addition of copper chromite. Physically, 
these propellants were similar and were opaque, in contrast to the uncata- 
lyzed UTX-9379, 

The depressurization data showing the effect of these catalysts are 
presented in figures 26 through 30, and the limit lines for all five pro- 
pellants are compared in figure 31 along with that for UTX-9379, the refer- 
ence propellant. Within the experimental accuracy of these data, introduc- 
tion of the iron oxide had no effect upon the termination susceptibility 
of the two propellants tested, although the burning rates were increased. 
Use of copper chromite both increased the burning rates and increased the 
termination requirements. Although the differences are small, they are 
apparently real. At higher pressures (400 to 600 psi), a particular ter- 
mination nozzle was sufficient to achieve termination of  the noncatalyzed 
and iron oxide-catalyzed propellants. However, the same nozzle with the 
UTX-9718 and UTX-9719 propellants generally failed to cause extinguishment 
and a larger nozzle had to be used. Based on the nozzle throat areas, the 
copper chromite propellants required up to 15% higher depressurization 
rates for termination. 

Aluminum loading : The effect of aluminum concentration upon rapid 
depressurization susceptibility was explored using 4%, 8%, and 16% concen- 
tration of H-322 powdered aluminum (mean particle diameter = 2 2 p )  with a 
constant total solids loading of 84%. A fourth propellant, UTX-9772, was 
formulated with 12% H-322 powdered aluminum and 4% aluminum needles 
(0.125 in. by 0.004 in. by 0.0045 in.). 

Addition of the powdered aluminum demonstrated the usual effect upon 
the burning rate characteristics. As shown in figure 20, increasing the 
aluminum concentration tended to both slightly depress the burning rate 
exponent and the the burning rate. UTX-9759 containing 16% powdered alu- 
minum had a burning rate of 0.16 in./sec at 500 psi and a burning rate 
exponent of 0.195. 
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Shown in figures 32, 33, and 34 are the rapid depressurization charac- 
teristics dctermined using the three concentrations of powdered aluminum. 
Giving consideration to the experimcntal precision of the data, it can only 
be concluded that substitution of aluminum for AP at a constant fuel loading 
has little or no effect upon the termination susceptibility of UTREZ pro- 
pellants. Examination of figures 32 and 33 shows the initial depressuriza- 
tion limit lines for the aluminized propellants to agree with that for 
UTX-9379 containing 0% aluminum, although there is some difference at lower 
pressures where the addition of the aluminum has reduced the termination 
requirements slightly. Comparison of the limit lines for the aluminized 
propellants with those for propellants containing equal AP concentrations 
but higher fuel loading shows the aluminized propellants to have signifi- 
cantly higher termination requirements. 

A s  shown in figures 34 and 35, the substitution of 4% aluminum needles 
for aluminum powder, while maintaining a 16% aluminum concentration, results 
in a large increase in the rates of depressurization required for termina- 
tion. In fact, UTX-9772, containing 4% needles, could not be terminated 
in the 1-lb. slab motor. 

High-speed film tests. - High-speed film studies were performed in 
conjunction with the slab-motor characterization studies to provide a sup- 
plemental means of determining precise termination conditions and to pro- 
vide visual observation of environmental factors such as gas flow patterns 
and the effect of propellant inhibitors. The window motor was constructed 
as a dual-nozzle, self-pressurized otor in order to avoid the problems 
encountered by other investigator sl' using externally -pressurized depres - 
surization motors. Most studies were performed using free-standing, end- 
burning grains inhibited on the sides with clear Tygon paint. In these 
tests, the propellant samples were 1-3/8-in. in diameter by 0.3-in. to 
0.4-in. in length, with ignition being achieved by the use of a thin 
nichrome wire and a layer of propellant filings taped to the sample face. 
l?he wire was electrically heated, causing ignition of the face and pres- 
surization of the motor. Filming, at the rate of 500 frames per second, 
was initiated immediately prior to ignition of the sample and stopped 500 
to 1000 msec after chamber depressurization. A major portion of the photo- 
graphic studies were devoted to developing and refining the filming tech- 
niques. Most of this work was performed using the camera and lighting 
setup as described in the section entitled "Window Motor." More recent 
studies included the use of smaller propellant samples burning in the motor 
pressurized with nitrogen, higher framing speeds (2000 frames per second), 
and Schlieren studies. 

In the first studies, a number of filming problems were encountered. 
In some instances vapor condensed on the Pyrex windows during ignition of 
the sample. The vapor appeared to be due only to the ignition process and 
(in most cases) cleared up during steady-state combustion. 
tests, smoke obscured the sample. To alleviate these problems, tests were 
conducted with a nitrogen window-flush, while in other instances a thin 

During other 
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f i l m  of g l y c e r i n e  o r  a commercial a n t i f o g  compound w a s  spread on t h e  windows. 
U s e  of t h e  an t i fogging  compound and t h e  n i t r o g e n  f l u s h  d i d  a l l ev ia t e  t h e  
problem of vapor d e p o s i t i o n ;  however, i n  some tes t s ,  t h e  n i t r o g e n  f l u s h  
caused an  i n c r e a s e  i n  t h e  amount of smoke s w i r l  i n  t h e  viewing area. By 
us ing  only t h e  an t i fogging  compound, vapor depos i t ion  w a s  reduced and rea- 
sonable  p i c t u r e  q u a l i t y  was achieved. A t t e m p t s  t o  e l i m i n a t e  t h e  smoke en- 
t i r e l y  by t h e  use  of a versamid i n h i b i t o r  r a t h e r  than t h e  Tygon i n h i b i t o r  
on ly  r e s u l t e d  i n  a l a r g e r  amount of smoke which completely obscured t h e  
sample. Best r e s u l t s  were achieved us ing  g r a i n s  uninhib i ted  on t h e  s i d e s ,  
though t h i s  technique r e s u l t e d  i n  a p r o g r e s s i v e - r e g r e s s i v e  b u r n i n g - r a t e  
t race.  

Although ex tens ive  a n a l y s i s  of t h e  f i l m  sequences was n o t  performed, 
several s i g n i f i c a n t  p o i n t s  concerning t h e  mechanisms o f  te rmina t ion  and 
nonterminat ion o r  r e i g n i t i o n  were noted.  I n  those  i n s t a n c e s  where t h e  ra te  
of chamber d e p r e s s u r i z a t i o n  w a s  s i g n i f i c a n t l y  above t h e  ra te  necessary f o r  
te rmina t ion ,  combustion e x t i n c t i o n  w a s  achieved s h o r t l y  a f t e r  i n i t i a t i o n  
of chamber vent ing and a t  a pressure  l e v e l  above t h e  exhaust o r  ambient 
p r e s s u r e  l e v e l .  I n  those  cases in  which t h e  ra te  of chamber depressur iza-  
t i o n  w a s  much less than t h a t  needed f o r  e x t i n c t i o n ,  t h e r e  w a s  no d i s c e r n i b l e  
pause i n  t h e  combustion of t h e  g r a i n  al though t h e r e  w a s  a n  adjustment o f  
t h e  burning ra te  t o  t h e  imposed pressure  change. A t  ra tes  near  t h e  c r i t i c a l  
d e p r e s s u r i z a t i o n  ra te ,  t h e  g r a i n  appeared t o  be  completely ex t inguished  
though r e i g n i t i o n  may have occurred several seconds l a t e r .  These p o i n t s  
are b e s t  i l l u s t r a t e d  by t h e  d a t a  shown i n  t a b l e  I V .  

TABLE I V .  - HIGH-SPEED FILM TEST RESULTS 

Prop e 1 l a n t  
T e s t  no. UTX - 
3-27-1 9379 
3 -27 -2 9379 
3 - 2 7 -4a 9389 
3 -27 -5a 9395 
2-22-5b 9395 
2-22-4a 9394 

dP/dt 
pC psi p s i l s e c  

2 05 -10 600 
235 -23 300 
305 -18 000 
601 -84 000 
270 -78 000 
155 -24 000 

dP/d t /  
c r  i t  ica  1 

p s i l s e c  

-10 200 
-11 200 
-18 000 
-96 000 
-32 000 
-14 000 

'ex 
pslp, msec 

47 27 
16.7 27 
16.7 36 
20 21 

9 24 
13.5 17 

a 

bGrain f a c e  w a s  terminated , but r e i g n i t i o n  occurred i n  c rack  between 

Grain r e i g n i t e d .  

t h e  back of t h e  sample and the  sample holder .  

The t i m e  f o r  combustion e x t i n c t i o n ,  7 , w a s  not  always e a s i l y  deter-  
mined by v i s u a l  examination of the f i l m s t r i p s .  r w a s  measured by count ing 
t h e  number of frames of f i l m  from t h e  apparent  p o i n t  of d e p r e s s u r i z a t i o n  
t o  t h e  f i r s t  frame where combustion,of t h e  s u r f a c e  could no t  be  noted.  
Cross-examination of t h e  d a t a  t r a c e  w a s  then  used t o  determine t h e  p r e s s u r e ,  
Pex, a t  t h e  p o i n t  of e x t i n c t i o n .  Visua l  de te rmina t ion  of t h e  p o i n t  o r  t i m e  
of e x t i n c t i o n  w a s  n e c e s s a r i l y  a q u a l i t a t i v e  judgment. I n  several i n s t a n c e s ,  
material w a s  s t i l l  flowing from the . sample ,  though f o r  a l l  i n t e n s i v e  
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purposes, combustion had been terminated, Generally, the flow of extraneous 
smoke obscured t h e  exact frame showing combustion extinction. 

The source or point of reignition in the instance where extinguishment 
was not complete was not always apparent, although in two tests, reignition 
sources were observed which could be encountered in motor environments. In 
one test, the combustion face of the end-burning grain was completely ex- 
tinguished; however, during steady-state combustion prior to termination, a 
crack developed between the propellant and the sample holder. Although the 
rate of depressurization was sufficient to cause termination of combustion 
on the front surface, combustion in t,he crack was not extinguished and 
acted as a source of reignition for the grain. In the second instance, re- 
ignition occurred several seconds after venting, although the rate of cham- 
ber venting was sufficient to completely extinguish the combusting surface. 
In the last few frames of the film sequence (filming was stopped just after 
the venting process) two glowing hotspots could be seen at the interface 
between the propellant surface and the inhibitor used to prevent combustion 
down the sides of  the grain. The film sequence does not show reignition of 
the grain, but in all likelihood, reignition was the result of the local 
hotspots. Such interfaces, which are likely to be encountered in working 
motors, must necessarily be considered in the design of any termination 
system. 

In an attempt to achieve better picture quality, small samples (1/4- 
in. by 1/4-in. on the face) were burned in a prepressurized nitrogen en- 
vironment. While picture quality during steady-state combustion conditions 
was improved, depressurization of the motor caused a fog (probably condensed 
hydrogen chloride and water) to form, which often completely obscured the 
sample face. Examination of the pressure trace also showed pressure o s -  
cillations occurring in the motor during the pressure transient. Finally, 
the use of either the nitrogen environment or small propellant samples 
caused a significant lowering of the propellant termination requirements. 
This is shown in figure 36 where, in the case of the UTX-9759 containing 
16% aluminum, the critical depressurization limit was halved. 

Results obtained using the higher framing rates or the Schlieren sys- 
tem were less than satisfactory. Framing rates of 2000 frames per second 
filming were used with a 2-sec high-intensity flash bulb as a backlight 
and with no forelight. Smoke from the sample, and the lack of a forelight, 
caused both a shadowgraph effect and the combusting face to be obscured. 
Any future tests would require a high-intensity forelamp and probably a 
nitrogen flush flowing about the sample. 
also tried. Though the rough surfaces on the glass windows caused some 
problems, the early portions of the films during ignition were successful. 
But as smoke and hot gases started swirling toward the windows, the picture 
quality quickly deteriorated and nothing could be observed. 
tests it is expected that quality pictures would require a nitrogen flush 
and optically-ground windows. 

Several Schlieren tests were 

From these 
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Photomicrographs of some of t h e  1 /4- in .  by 1 /4- in .  x 1 - i n .  samples 
terminated i n  a n i t rogen  atmosphere were taken  i n  o r d e r  t o  determine i f  any 
s i g n i f i c a n t  d i f f e rences  of t h e  p r o p e l l a n t  s u r f a c e s  could be noted .  The 
photographs shown i n  f i g u r e  37 were taken  a t  a magni f ica t ion  of about 45X; 
however, development of t h e  f i l m  r e s u l t e d  i n  a s l i g h t l y  g r e a t e r  magnifica- 
t i o n .  For re ference  purposes,  a 500p dimension has  been included on t h e  
p i c t u r e s .  
aluminum has  t h e  appearance of once being molten. 
t h e  l a r g e - p a r t i c l e A P a r e  very smooth and g l a s s y  wh i l e  t h e  c e n t e r  p o r t i o n s  
of t h e  c r y s t a l  p ro t rude  s l i g h t l y .  Although not  shown i n  t h e s e  f i g u r e s ,  t h e  
PU p r o p e l l a n t  had t h e  appearance of aggrega te  conc re t e  w i t h  rounded lumps 
of l a r g e r  p a r t i c l e  AP pro t ruding  above t h e  s u r f a c e .  There w a s  no d i v i s i o n  
between t h e  small AP/polymer matrix and t h e  l a r g e r  AP p e r i m e t e r s ,  and t h e r e  
w a s  no evidence of  t h e  melted AP s u r f a c e s  observed w i t h  t h e  CTPB and UTREZ 
p r o p e l l a n t s .  

The su r face  of t h e  CTPB p r o p e l l a n t  conta in ing  no c a t a l y s t  o r  
The o u t e r  pe r ime te r s  of 

A s  mentioned, t h e  UTREZ formula t ions  w i t h  no c a t a l y s t  o r  aluminum 
showed evidence o f  melting and flowing of t h e  l a r g e - p a r t i c l e  AP. These 
p a r t i c l e s  have f r o s t y  o r  g l a s s y  b l i s t e r e d  c e n t e r s  which p ro t rude  s l i g h t l y .  
The l a r g e - p a r t i c l e  per imeters  of t h e  84% AP formula t ion  have t h e  appearance 
of having flowed over t h e  polymer/small AP matrix below. F igure  37-B f o r  
t h e  s imi l a r  appearing 80% AP formula t ion  shows small wh i t e  b a l l s  on a po r -  
t i o n  o f  t h e  la rge  AP p a r t i c l e s .  Both t h e  80% and 84% AP formula t ions  are 
l i g h t l y  flecked w i t h  what appears  t o  be  charred polymer. 

In t roduc t ion  of 0.5% copper chromite r e s u l t e d  i n  t h e  formation of two 
o r  t h r e e  small green b a l l s  on t h e  su r faces  of t h e  l a r g e  AP, as shown i n  
f i g u r e  37-C. In  f i g u r e  37-D, t h e  tops  of t h e  l a r g e - p a r t i c l e  AP of t h e  UTX- 
9717 conta in ing  i r o n  oxide a re  capped w i t h  a coa t ing  of i r o n  oxide .  The 
pe r ime te r s  of these p a r t i c l e s  are  smooth and g l a s s y  appear ing .  A t  t h e  i n -  
t e r s e c t i o n  of some of t h e  i r o n  oxide-covered caps and t h e  smooth m e l t e d  
pe r ime te r s  are  dark round beads of approximate 40p diameter .  

The sur face  of t h e  LITX-9755 shown i n  f i g u r e  37-E has a t h i n  f i l i g r e e  
of s i n t e r e d  aluminum b a l l s .  The b a l l s  range i n  s i z e  from 2 0 p t o  l o o p  
i n d i c a t i n g  melting and agglomeration of t h e  b a l l s .  I n  c o n t r a s t  t o  t h e  
o t h e r  UTREZ p rope l l an t s ,  t h e  s u r f a c e  of t h e  AP p a r t i c l e s  shows l i t t l e  e v i -  
dence of melting. 

The sur face  of t h e  16% aluminum formula t ion  shows a much l a r g e r  n e t -  
work of s i n t e r e d  aluminum b a l l s .  A s  shown i n  f i g u r e  37-F, t h e  network 
ex tends  out from t h e  su r f ace  of t h e  p r o p e l l a n t  w i t h  t h e  lower ends of t h e  
networks being composed of t h e  smaller aluminum b a l l s  and w i t h  t h e  upper 
ends o f t e n  culminating i n  much l a r g e r  aluminum b a l l s .  Again, t h e r e  i s  
l i t t l e  evidence of melting on t h e  AP s u r f a c e s  though many of t h e  aluminum 
b a l l  networks conta in  c l e a r  g l a s s y  b a l l s  approximately 100 p i n  d iameter .  

L* s t u d i e s .  - T h i s  p o r t i o n  of t h e  program w a s  conducted us ing  t h e  
window motor used f o r  t h e  high-speed f i l m  tests.  The necessary  modi f ica-  
t i o n s  t o  t h e  motor and t h e  experimental  procedures employed are  d iscussed  
i n  t h e  following s e c t i o n ,  whi le  t h e  experimental  r e s u l t s  ob ta ined  are p r e -  
sen ted  i n  t h e  sec t ion  e n t i t l e d ,  "Experimental Results.'' 
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Equipment: L* t es t s  were conducted using t h e  window motor w i t h  t h e  
te rmina t ion  nozzle as t h e  s t e a d y - s t a t e  nozzle and w i t h  t h e  o t h e r  nozz le  
plugged. I n  con t r a s t  t o  t h e  f i l m  s t u d i e s ,  t h e  windows were removed and t h e  
window p o r t s  plugged t o  reduce t h e  motor volume. The motor w a s  connected 
t o  a 1 0 0 0 - l i t e r  vacuum tank  and evacuated t o  l ess  than  0.007 a t m  p r i o r  t o  
f i r i n g  ( t h e  minimum i g n i t i o n  p res su re  of t h e  p r o p e l l a n t s  t e s t e d  w a s  0.05 
a tm) ,  r a t h e r  than f i r i n g  i n t o  t h e  atmosphere as  w a s  done wi th  t h e  e t e s t s .  

I n  conducting t h e  t e s t s ,  t h e  L* of t h e  motor w a s  v a r i e d  by s e l e c t i o n  
of t h e  nozz le  th roa t  a r e a .  Regressive g r a i n s  were then s e l e c t e d  t o  g i v e  a 
2 t o  5-sec burn per iod  following i g n i t i o n .  By us ing  longer g r a i n s  w i t h  t h e  
l a r g e r  diameter nozz le s ,  i t  w a s  g e n e r a l l y  p o s s i b l e  t o  achieve  100 i n .  o r  
less  L* va lues .  S i g n i f i c a n t  f u r t h e r  r educ t ion  of t h e  motor L* could have 
been obta ined  only by reducing t h e  volume of t h e  motor. S ince  Barre/re15 
found t h e  L7k ex t inc t ion  p res su re  t o  be a func t ion  of bo th  L* and volume, 
t h e  L-k t e s t i n g  was conducted w i t h  a cons t an t  volume t o  provide  a b e t t e r  
eva lua t ion  of p rope l l an t  d i f f e r e n c e s .  ( I n  a c t u a l i t y ,  t h e  f i n a l  volume 
changes s l i g h t l y  from tes t  t o  t es t  because of d i f f e r e n c e s  i n  web th i ckness  
a t  te rmina t ion .  I n  t h e s e  t e s t s ,  t h i s  v a r i a t i o n  w a s  less than  10% of t h e  
t o t a l  motor volume and w a s  thereby  considered of no importance.) A r e l i -  
a b l e  pyrotechnic i g n i t e r  system w a s  developed which would produce p r e s s u r e s  
above t h e  minimum i g n i t i o n  p res su re  w i t h i n  t h e  combustion chamber as w e l l  
a s  quick ly  i g n i t e  a l l  t h e  g r a i n  s u r f a c e s .  I n i t i a l l y ,  t h e  nozzle w a s  blocked 
by a m y l a r  d i s c  so t h a t  t h e  p re s su re  i n  t h e  motor would r i se  t o  a h igher  
l e v e l .  However, when t h e  d i s c  b u r s t ,  t h e  d e p r e s s u r i z a t i o n  which followed 
terminated t h e  g r a i n .  Af t e r  d i sca rd ing  t h e  d i s c ,  success fu l  i g n i t i o n s  w e r e  
then  achieved by us ing  a boron-potass ium-ni t ra te  bag i g n i t e r  and by 
spreading a t h i n  l a y e r  of p r o p e l l a n t  dus t  on t h e  g r a i n  s u r f a c e .  By us ing  
t h i s  technique ,  s u f f i c i e n t  p r e s s u r e  over a long enough per iod  of t i m e  f o r  
i g n i t i o n  could be obta ined .  

Chamber pressure  w a s  monitored w i t h  a 0 t o  100-psia Statham s t r a i n -  
gage t ransducer  whose output  w a s  recorded on a Consolidated Electrodynamics 
Corporation 124 osc i l l og raph  a t  a chart-speed of 16 i n . / s e c .  The lowest 
frequency response element i n  t h e  in s t rumen ta t ion  system w a s  a CEC 7-319 
galvanometer which had a f l a t  frequency response (5%) t o  350 cyc le s / sec  
and a n a t u r a l  frequency of 585 cyc le s / sec .  Two Texas Instrument LS223 
l i g h t  s enso r s  were used t o  follow t h e  v i s i b l e  and n e a r - i n f r a r e d  r a d i a t i o n  
ou tpu t .  The response of t h e s e  u n i t s  was no t  as good as d e s i r e d  due t o  
r a d i a t i o n  a t t enua t ion  by t h e  depos i t i on  of pyro technic  and p r o p e l l a n t  
combustion products.  However, t h e  c e s s a t i o n  of r a d i a t i o n  emission could 
be determined i n  most i n s t a n c e s .  
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Experimental r e s u l t s :  A r e p r e s e n t a t i o n  o f  a t y p i c a l  d a t a  recording 
w i t h  both  a l i g h t  sensor  and t h e  p r e s s u r e  t race i s  shown i n  f i g u r e  38. Ex- 
c e p t  a t  h igher  L*s (400 i n . ) ,  low-frequency i n s t a b i l i t y  w a s  noted p r i o r  t o  
te rmina t ion  and,  i n  g e n e r a l ,  t he re  were two t o  t h r e e  f u l l  c y c l e s  d e t e c t e d .  
Three p r e s s u r e s  are  noted i n  f igu re  38: (1) P f ,  t h e  p r e s s u r e  a t  which low- 
frequency i n s t a b i l i t y  began; (2) Pc, t h e  normally recorded L* e x t i n c t i o n  
p r e s s u r e ;  and ( 3 )  PL, t h e  pressure a t  which t h e  l i g h t  sensor  t race and 
p r e s s u r e  t race indica ted  combustion ceased. I n  t a b l e  V a r e  noted t y p i c a l  
v a l u e s  o f  t h e s e  parameters ,  t h e  frequency of o s c i l l a t i o n s ,  and t h e  tes t  
c o n d i t i o n s  f o r  some of t h e  L* t e s t s .  

LIGHT EMISSION 

.-- TIME 

71001 

Figure  38. Representat ive L* Data Trace 
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TABLE V. - L:’i TEST DATA 

P rope l l an t  
UTX- 

9715 
97 17 
9713 
97 15 
9717 
9715 
97 18 
97 13 
97 13 
97 1 7  

C pL P L* 
i n .  ps i a  psia - 
440 10.7 
208 18.2 
209 17.4 
2 12  19.6 

96.6 31.5 
97 25.8 
98 22.9 

43 6 29.7 
43 6 2 7 . 8  
440 10.3 

9.9 
16.2 
15.4 
15.8 
28.0 
22.8 
19.0 
25.4 
23.8 

9 .6  

pf F r equency 
ps i a  cyc le s / sec  

no t  observable  
28.7 5.5 
21.8 5 .5  
2 8 . 7  5 
36.5 15 
30.0 10 
25.8 10 
no t  observable  
n o t  observable  
n o t  observable  

Examination of these  da t a  shows a rough correspondence between 
motor LJ; and the frequency of o s c i l l a t i o n .  A s  t he  L7k i s  decreased ,  
frequency is increased.  The e x a c t  cause of the  i n s t a b i l i t y  is open 
ques t ion  a t  t h i s  time. 

the 
the  
t o  

I n  the  course of the  Lye test program, the e f f e c t  of the polymer o r  
b inde r  w a s  s tud ied  as were the  e f f e c t s  of ox id i ze r  loading l e v e l ,  burning-  
r a t e  c a t a l y s t s ,  ox id izer  coa t ings ,  and aluminum-loading l e v e l .  I n  a l l  ca ses  
the  p r o p e l l a n t s  s tud ied  were of t he  same formulat ion as those used i n  t h e  P 
program and, where poss ib l e ,  the p r o p e l l a n t  samples were obtained from t h e  
same ha tches  of p rope l l an t .  

The L7k terminat ion c h a r a c t e r i s  t i c s  of those  p r o p e l l a n t s  formulated w i t h  
d i f f e r e n t  binders  a r e  presented i n  f i g u r e s  39 and 40. These d a t a  a re  p l o t t e d  
i n  t h e  normal manner of I n  Lqc versus  I n  Pc. A s  may b e  noted,  the  more e a s i l y  
]P-terminated UTREZ and PU p r o p e l l a n t s  a r e  a l s o  more e a s i l y  terminated by L* 
techniques.  That i s ,  these  p rope l l an t s  ex t ingu i sh  a t  h ighe r  pressures  than  
do the CTPB and PEP p rope l l an t s .  Because t h e  vacuum tank p res su re  rose  
dur ing  f i r i n g  t o  1 .5  t o  2.5 p s i a ,  i t  was impossible  t o  even determine the  L* 
pres su re  l e v e l s  of the  P’BAN p rope l l an t .  Point  A noted on f i g u r e  40 i n d i c a t e s  
t h a t  t h e  backpressure l e v e l  may be important ,  a t  l e a s t  f o r  the  PU p r o p e l l a n t .  
Inadve r t en t  u s e  of a l a r g e r  g r a i n  caused both a h ighe r  backpressure and a 
h ighe r  terminat ion pressure .  

Data obtained by reducing t h e  AP concen t r a t ion  i n  a series of UTREZ 
p r o p e l l a n t s  a r e  shown i n  f i g u r e  41. S u b s t i t u t i o n  of f u e l  f o r  AP w a s  found 
t o  inc rease  the  L ~ C  p re s su re  l e v e l s  j u s t  a s  the  k requirements were reduced. 
Addi t ion  of burning rate c a t a l y s t s  which had a s l i g h t  o r  n e g l i g i b l e  e f f e c t  
upon the  k l i m i t s  of t he  b a s i c  UTREZ p rope l l an t s  a l s o  had no e f f e c t  upon t h e  
L* te rmina t ion  behavior,  as  shown i n  f i g u r e  42. S imi l a r  observa t ions  were 
found f o r  the  Kel-F-coated AP p r o p e l l a n t ,  UTX 9757. Comparison wi th  the  Lgc 
da t a  of f i g u r e  43 f o r  the uncoated AP p rope l l an t  wi th  d a t a  f o r  p r o p e l l a n t s  
wi th  the  same AP loading shows no e f f e c t  of coa t ing .  This p a t t e r n  was n o t  
found t o  hold with the aluminized UTREZ p r o p e l l a n t s .  While t h e  s u b s t i t u t i o n  

60 



UTC 2243-FR 

1,000 
900 
800 
700 
600 

500 

400 

300 

250 

200 

6 150 .- 
5 

c 
-I 

100 
90 
80 
70 
60 

50 

40 

30 

25 

20 
1 

0 UTX - 9379: U T R E Z  - 84% AP 
D U T X  - 9775: C T P B  - 84% AP 
U U T X  - 9394: C T P B  - 84% AP 
A U T X  - 9395: PEP - 84% AP 

Note: Extreme low frequency instabi lily caused termination 
of one grain of UTX - 9394 at 150 psi - L* = 440 in. 

1.5 2 2.5 3 4 5 6 7 8 9110 

PRESSURE, psia 

15 20 25 30 

7 1002 

Figure 39.  L7k Termination C h a r a c t e r i s t i c s  of 
UTREZ, CTPB, and PEP Propel lan ts  - 84% AP 
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Figure  40.  Lge Termination C h a r a c t e r i s t i c s  of Polyurethane,  
PBAN, and UTREZ Prope l l an t s  - 84% AP 
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gure 41. E f fec t  of Oxidizer Loading Level Upon L* Behavior 
of WREZ Prope l l an t s  

6 3  



UTC 2243-FFi 

C .- . 
.$ 
A 

1,000 
900 
800 
700 
600 

500 

400 

300 

250 

200 

150 

1 00 
90 
80 
70 
60 

50 

40 

30 

25 

20 

H UTREZ PROPELLANT 

O U T X  - 9379: 84"/0 AP 
O UTX - 9715: 84% SOLIDS, 0.25% IRON OXIDE 
O U T X  - 9717: 84% SOLIDS, 0.5% IRON OXIDE 

5 6 7 8 9 1 0  15 20 25 30 40 50 60'70 8090100 

71005 
PRESSURE, psia 

Figure 42. Effec t  of Ca ta lys t  Upon LJr Behavior 
of UTREZ Propellants 

6 4  



UTC 2243-FR 

0 0  0 0  0 0  0 0 0 
0 0 0  0 o m  0 - 0 a3 . Q % $  m h l  hl 

a 
0 
0 

8 
c 

0 r- 
W 

w 
0 

w 
0 
LI 
0 
al 
w W w w 

0 
c 

65 



UTC 2243-FR 

of aluminum powder f o r  AP r e s u l t e d  i n  l i t t l e  o r  no i n c r e a s e  of t h e  fi r e q u i r e -  
ments, a d e f i n i t e  i nc rease  i n  the  LJ: pressures  r e s u l t e d  as shown i n  f i g u r e  44. 

Photomicrographs of t h e  terminated L* g r a i n s  a l s o  y i e lded  sme i n t e r e s t -  
i ng  r e s u l t s .  A l l  the  UTREZ p rope l l an t  su r f aces  showed cons ide rab le  evidence 
of me l t ing  whi le  the aluminized g ra ins  showed evidence of aluminum mel t ing  
and agglomeration. A s  shown i n  f i g u r e  4 5 4 ,  t he  s u r f a c e  of UTX-9714 conta in-  
ing  76% AP and no c a t a l y s t  o r  aluminum i s  covered w i t h  a profus ion  of g l a s s y  
b a l l s .  The su r face  of the  UTX-9379, which i s  not  shown he re ,  was found t o  be 
s i m i l a r  t o  t h a t  of the  UTX-9714. Milky whi te  t o  c lear  b a l l s  of what appeared 
t o  have once been molten m a t e r i a l  appeared on about  one t h i r d  of t h e  large AP 
c r y s t a l s .  The b a l l s  were l i g h t l y  fused a t  t h e i r  bases  t o  the  l a r g e - p a r t i c l e  
AP su r faces  and ranged i n  diameter from 5 0 p  t o  150 p .  These masses were n o t  
a l l  round i n  shape bu t  ranged from f r o s t y  b l i s t e r s  t o  f u l l y  formed b a l l s .  
Dark f l ecks  of apparent ly  charred polymer could be  seen  around the  o u t s i d e  of 
the l a r g e  AP c r y s t a l s .  

The PEP propel lan t  su r f ace  shown i n  f i g u r e  45-B a l s o  i s  covered wi th  
whi te  b a l l s  and g lobules ,  bu t  which a r e  a t t ached  t o  the  sma l l  AP/polymer 
mat r ix  r a t h e r  than t o  the l a r g e r  AP c r y s t a l s .  The m a t e r i a l  around the AP 
c r y s t a l s  i s  dark a s  though char red .  

The inc lus ion  of 0.5% i r o n  oxide i n  the  UTREZ formulat ion produced the  
dark  b a l l s  depicted i n  f igu re  45-C. With t h e  except ion  of t hese  b a l l s ,  t he  
s u r f a c e  of the  propel lan t  is excep t iona l ly  smooth wi th  no l a r g e  AP c r y s t a l s  
pro t ruding  from the sur face .  The g l a s sy  hard b a l l s  a r e  l i g h t l y  a t t a c h e d  t o  
the  s u r f a c e  and e a s i l y  removed. Less p reva len t  on t h e  s u r f a c e  a r e  milky 
wh i t e  g lobules  of about  one-tenth of the  diameter  of t h e  coarse  AP. The 
ma jo r i ty  of the coarse  AP is  covered w i t h  a lacy  red  network of what could 
be  polymer and i r o n  oxide.  

I n  c o n t r a s t ,  the  su r faces  of copper chromite-containing UTREZ formula- 
t i o n  were covered wi th  semi t ransparent  t o  dark-green g l a s sy  b a l l s .  The 
p rope l l an t  su r f ace  was n o t  as smooth a s  t h a t  of the i ron-oxide  formulat ions 
and the  coarse  AP protrued s l i g h t l y  and was r e l a t i v e l y  c l ean .  

The PU prope l l an t  su r f ace  shown i n  f i g u r e  45-D shows the coarse  AP pro- 
t rud ing  from the p rope l l an t  su r f ace  and no evidence of once-molten b a l l s  o r  
g lobu les .  This type of su r face  was a l s o  observed on the  CTPB p rope l l an t s  
w i th  the  except ion t h a t  the  coarse  AP c r y s t a l s  were smooth and c l e a n  wh i l e  
t he  coa r se  AP on the  W prope l l an t s  w a s  covered wi th  a wh i t e  f laky-appearing 
m a t e r i a l  which was d i s t i n c t  from the  g l a s sy  material  seen  on the  UTREZ and 
PEP p r o p e l l a n t  su r f aces .  

A number of the b a l l s  were c o l l e c t e d  from the  s u r f a c e s  of t he  uncatalyzed 
UTREZ g r a i n s  and examined i n  a n  a t tempt  t o  d e f i n e  t h e i r  composition. A s  may 
be noted i n  f igu re  45-A, the  b a l l s  ranged i n  appearance from t r anspa ren t  un- 
co lored  t o  opaque white .  Examination of t hese  b a l l s  was performed by p l ac ing  
groups of t he  b a l l s  on the  hea t ing  element of a ho t - s t age  microscope and 
observing t h e i r  behavior as the  temperature of t he  s t a g e  was increased  s lowly.  
Heating the  b a l l s  had no e f f e c t  u n t i l  t he  h e a t i n g  element reached 600' t o  640°C, 
a t  which temperature the t r anspa ren t  b a l l s  melted and fused toge the r .  

66 



UTC 2243-FR 

1,000 

800 

600 

500 

400 

300 

250 

200 
C .- . 

150 

100 

80 

60 

50 

40 

30 
6 

O UTX - 9756: I '  - 8% AI 

0 UTX - 9379: UTREZ - 0% A1 
---__ 0 UTX - 9755: ' I  - 4% AI 

8 10 15 20 25 30 40 50 60 80 100 

PRESSURE, psia 
7 1007 

Figure  44. E f f e c t  of Aluminum Concentration 
Upon L* Behavior of UTREZ Prope l l an t s  

67 



UTC 2243-FR 

F i g u r e  4 5 - A .  UTX-9714: UTREZ - 76% A P  

68 



e 4 5 - C .  UTX-9717: - 0 .52  I r o n  

F igure  45-D, UTX-9389: PCT - 842 AP 

UTC 2243-FR 

69 



TJTC 2243-FR 

70 



UTC 2243-FR 

Fur the r  hea t ing  caused the molten mass t o  begin  b o i l i n g  and t o  r e g r e s s  
s l i g h t l y  (approximately 20% reduction i n  volume), b u t  had no e f f e c t  upon t h e  
o r i g i n a l l y  opaque b a l l s .  After seve ra l  minutes of h e a t i n g  a t  7OO0C, no 
f u r t h e r  r e g r e s s i o n  was noted and a l l  t h e  remaining m a t e r i a l  had the  same 
opaque wh i t e  c o l o r a t i o n .  When touched wi th  a s c a l p e l  p o i n t ,  t h e  o r i g i n a l l y  
opaque b a l l s  were e a s i l y  crumpled, i n  c o n t r a s t  t o  t h e i r  hard s t r u c t u r e  a t  
room temperature.  A t  750"C, the  sur faces  of t h i s  type of b a l l  showed m e l t -  
i n g ;  however, f u r t h e r  hea t ing  t o  8OO0C, the upper l i m i t  of the  h o t  s t a g e ,  
caused no observable r eg res s ion  o r  decomposition. 

The high-temperature s t a b i l i t y  of the ma jo r i ty  of the  b a l l  m a t e r i a l  i n -  
d i c a t e d  t h a t  b a l l s  were n o t  composed of AP, b u t  must c o n s i s t  p r imar i ly  of 
i no rgan ic  impur i t i e s  present  i n  the AP. The major impurity i n  the  AP used 
i n  t h i s  program was 0.2% t r i ca l c ium phosphate (m.p. 1620OC) which i s  added 
t o  prevent caking and agglomeration of the  AP c r y s t a l s .  Other minor contami- 
nants  a r e  sodium c h l o r a t e  ( .002 w t . % ,  m.p. 248-261°C) , ammonium c h l o r i d e  
(.014%, s .  335"C), and sodium bromate ( . O O l % ,  m.p .  381°C). 

When some of the  high-temperature r e s idue  was placed i n  a high-temperature 
gas flame along w i t h  a smal l  amount of t r i c a l c i u m  phosphate, bo th  m a t e r i a l s  
melted n e a r l y  a t  the  same time and had the  same gene ra l  appearance.  A phospho- 
molybdate a n a l y s i s  was then run using a f r a c t i o n  of mi l l ig ram of the  c o l l e c t e d  
b a l l s .  The t e s t  r e s u l t s  showed a p o s i t i v e  i n d i c a t i o n  of phosphate ions .  

Based on these  r e s u J t s  and other obse rva t ions ,  i t  i s  concluded t h a t  t h e  
b a l l s  found on both the  P- and L*-terminated g r a i n s  a r e  composed p r imar i ly  
of t r i c a l c i u m  phosphate wi th  l e s s e r  amounts of o the r  contaminants and poss i -  
b l y  once molten AP. T e s t s  t o  show whether t he  b a l l s  a l s o  contained s i g n i f i -  
c a n t  amounts o r  any AP were inconclus ive .  A f e w  mi l l ig rams of t he  b a l l s  were 
c o l l e c t e d  and analyzed us ing  a d i f f e r e n t i a l  scanning ca lo r ime te r .  The d a t a  
t r a c e  showed a 24OOC endotherm and h igher  temperature exotherms i n d i c a t i v e  of 
AP. A f t e r  having been hea ted  t o  500"C, the  upper l i m i t  of  the  u n i t ,  t h e  
sample was weighed and found t o  have l o s t  0.4 mg o r  15% of t h e  o r i g i n a l  materi- 
a l .  It i s  impossible,  however, t o  s t a t e  whether t he  l o s t  m a t e r i a l  was o r i g i -  
n a l l y  a n  i n t e g r a l  p a r t  of the b a l l s  o r  was merely f i n e  AP which was picked up 
wi th  the  b a l l s  when they were co l l ec t ed .  The h o t  s t a g e  s t u d i e s  d i d  no t  i n d i -  
c a t e  any AP p r e s e n t ,  bu t  decomposition of 15% of t h e  t o t a l  mass over s e v e r a l  
hundred degrees of h e a t i n g  would not be  r e a d i l y  d i s c e r n i b l e .  

Any c a t a l y s t s  p re sen t  were ev iden t ly  picked up i n  t h e  molten b a l l s  and 
g l o b u l e s ;  r e s u l t i n g  i n  the  dark b a l l s  seen  on the  i ron-oxide  ca t a lyzed  propel -  
l a n t  s u r f a c e s  and the g l a s sy  green b a l l s  seen  on t h e  copper-chromite ca t a lyzed  
p r o p e l l a n t  s u r f a c e s .  What e f f e c t  t h i s  phenomenon o r  t he  molten m a t e r i a l  i t -  
s e l f  has  upon s t e a d y - s t a t e  o r  t r a n s i e n t  combustion phenomena is open t o  specu- 
l a t i o n ,  It i s  p o s s i b l e  t h a t  i f  the  m e l t  i s  ex tens ive  i t  may have s i g n i f i c a n t  
e f f e c t  upon o s c i l l a t o r y  combustion behavior.  Also, t h e  f a c t  t h a t  t h e  m e l t  
absorbs  combustion c a t a l y s t s  or  products of t h e  c a t a l y s t s  might i n d i c a t e  t h a t  
t h e  m e l t  may in f luence  both s teady-s ta  te  combustion behavior and t h e  p r o p e l l a n t  
t e rmina t ion  requirements.  

A s  wi th  the  f?-terminated gra ins  , t he  UTREZ p r o p e l l a n t s  conta in ing  aluminum 
were found t o  b e  covered wi th  a network of smal l  s i n t e r e d  aluminum b a l l s ,  much 
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l a r g e r  aluminum b a l l s ,  and g l a s sy  b a l l s  enmeshed i n  the  aluminum network. As 
can  be seen i n  f igvres  45-E and F ,  these  networks a r e  much more ex tens ive  
than those i n  the P g r a i n s .  
s i n t e r e d  networks extend 0.05 t o  0 .1  in .  above the  p r o p e l l a n t  s u r f a c e .  A t  t he  
po in t  of focus on f igu re  45-F is a l a r g e  aluminum b a l l  a t  t he  top of t he  n e t -  
work. To the  r i g h t  and below on the  p i c t u r e  are two glassy  b a l l s  connected t o  
another  por t ion  of t he  network. The aluminum ev iden t ly  melted on o r  near  t he  
s u r f a c e ,  followed by s i n t e r i n g  i n t o  networks of aluminum b a l l s .  This process 
then culminated by f u r t h e r  mel t ing and the formation of t he  l a rge  b a l l s  of 
a luminum, 

I n  the  case  of 16% aluminum concent ra t ion ,  t he  
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DISCUSSION AND ANALYSIS 

To provide bo th  i n s i g h t  i n t o  the mechanisms of combus t i o n  t e rmina t ion  
and a b a s i s  f o r  engineering c o r r e l a t i o n s  f o r  the  des ign  of c o n t r o l l a b l e  s o l i d  
p r o p e l l a n t  motors,  i t  is  d e s i r a b l e  t o  develop a model of the  processes  occur- 
r i n g  during combustion te rmina t ion .  
ana lyses  of te rmina t ion  behavior of varying degrees of ~ o m p l e x i t y , ~ , ~ ~ ' ,  1 7 s 1 8  
b u t  perhaps t h e  most u s e f u l  i s  t h e  Von E lbe l  a n a l y s i s  o r  modified ve r s ions  
developed by Paul2 and Summerfield and Parker.18 
f e r e n t  premises,  a l l  t h r e e  models y i e ld  a common express ion  f o r  the t r a n s i e n t  
burning r a t e  dur ing  r ap id  dep res su r i za t ion  

A s  noted by Coa te s , l6  t h e r e  a r e  s ve ra1  

Though developed from d i f -  

where i- is t h e  t r a n s i e n t  burning r a t e ,  t is  the  s t e a d y - s t a t e  burning r a t e  a t  
p re s su re ,  P, and i s  r e l a t e d  t o  pressure  by t = aPn; a i s  the p r o p e l l a n t  thermal 
d i f f u s i v i t y ,  and ?, i s  a cons t an t  with a va lue  of one-half f o r  t h e  Von Elbe 
model, 1 f o r  the Paul model, and 2 f o r  t h e  S u m e r f i e l d  model. A t  t h e  p o i n t  of 
e x t i n c t i o n ,  i- is  z e r o  and the  c r i t e r i a  f o r  e x t i n c t i o n  is g iven  by 

- 2  r -x - P dP 
d t  n o  e 

- -  

To e v a l u a t e  the  u t i l i t y  of equation ( Z ) ,  t h e  d a t a  i n  t a b l e  V I  were pre-  
pared f o r  a l l  t h e  p rope l l an t s  s tud ied  dur ing  t h e  course  of t h i s  program. 
While equat ion  (2)  i s  based on the  p re s su re ,  ra te  of d e p r e s s u r i z a t i o n ,  and 
burn ing  ra te  a t  t h e  p o i n t  of extinguishment, i t  is  d i f f i c u l t  t o  e s t a b l i s h  
t h i s  in format ion  e x a c t l y  from experiment. Thus the  d a t a  of t a b l e  V I  were 
prepared us ing  the  burning r a t e  a t  500 p s i  and a p re s su re  of 500 p s i .  a was 
c a l c u l a t e d  assuming f o r  t he  nonaluminized p r o p e l l a n t s  

-4 3 
k = 8 x 10 cal/cm-sec@K, p = 1.65 g/cm , and c = 0 . 3  cal/g°K 

P 

I n  c a l c u l a t i n g  the  va lue  of a f o r  the aluminized p r o p e l l a n t s ,  these  va lues  
were increased  s l i g h t l y  t o  accomodate the  h ighe r  thermal conduc t iv i ty  and 

c u l a t e d .  These and the  experimentally measured rates of d e p r e s s u r i z a t i o n  re- 
qu i r ed  f o r  e x t i n c t i o n  a r e  compared i n  f i g u r e  46. 

t i m e s  t he  magnitudes a c t u a l l y  required.  The experimental  d a t a  f o r  the  poly- 
bu tad iene  p r o p e l l a n t s  ag ree  more c lose ly  wi th  t h e  p red ic t ed  va lues  than do 

d e n s i t y  of t h e  aluminum. Using these va lues ,  t h e  va lues  o f  PP 2 /na  were cal-  

Examination of f i g u r e  46 
r e v e a l s  t h a t  t he  p red ic t ed  r a t e s  of d e p r e s s u r i z a t i o n  (-PP 2 /na) are  4 t o  10 
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Experimental Resul t s  (500 p s i )  
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the  UTREZ, PEP, and PlJ pro e l l a n t s .  T h t s  i s  i n  agreement wi th  r e su l t s  
obta ined  by o t h e r  workers16 using PBAA p r o p e l l a n t s .  

TABLE V I .  - PREDICTED AND EXPERTMENTAL DEPRESSURIZATION RATES (500 p s i )  

Prope 1 l a  n t 
UTX- Binder 2 a t  500 p s i  n 

9377-1 PBAN 0.270 0.384 
93 77 -2 PBAN 0.270 0.384 
93 79 
93 89 
93 94 
93 95 
9710 
9711 
9712 
9713 
97 14 
9715 
9717 
9718 
9719 
9720 
9775 

UTREZ 
Pu 
CTPB 
PEP 
UTREZ 
PBAN 
UTREZ 

UTREZ - 80% AP 
UTREZ - 76% AP 

UTREZ 
UTREZ 
UTREZ 
UTREZ 
UTREZ 
CTPB 

0.185 
0.255 
0.230 
0.301 
0.180 
0.255 
0.187 
0.145 
0.10 
0.213 
0.230 
0.276 
0.290 
0.265 
0.280 

0.364 
0.195 
0.384 
0.231 
0.325 
0.384 
0.364 
0.325 
0.325 
0.364 
0.384 
0.488 
0.510 
0.467 
0.345 

93 79 -4 PBAN 0.270 0.384 
9755 UTREZ - 4% A 1  0.17 0.25 
9756 UTREZ - 8% A 1  0.185 0.26 
9759 UTREZ - 16% A 1  0.163 0.195 
9772 UTREZ - 4% ndls  0.33 0.445 
9754 UTREZ - 4 0 0 ~  AP 0.1 0.18 

-pr2 /la 

3 80 3 0 0  
380 000 
192 000 
670 000 
280 000 
780 000 
197 000 
340 000 
192 000 
129 000 
62 000 

250 000 
276 000 
312 000 
330 000 
300 000 
455 000 
380 000 
207 000 
218 000 
198 000 
170 000 
111 000 

Experimenta 1 

a t  500 p s i  
-dP/d t 

44 000 
>90 000 

25 000 
27  000 
61  000 
80 000 
27 000 

>60 000 
26 000 
1 2  000 
8 000 

23 000 
23 000 
26 000 
36 000 
27  000 

>64 000 
64 000 
27 000 

25 000 
>72 000 

36 000 

,30  000 

It should be pointed out ,  however, t h a t  combustion i s  not  terminated 
immediately upon depres su r i za t ion ,  b u t  a t  a lower p res su re  and lower r a t e  
of depres su r i za t ion .  According t o  t h e  Von Elbe type of a n a l y s i s ,  t h e  de- 
p r e s s u r i z a t i o n  r a t e  upon e x t i n c t i o n  i s  ' r e l a t e d  t o  p re s su re  by 

- dP o: p2rtl-1 
d t  (3) 

wh i l e ,  t o  a good approximation, the a c t u a l  d e p r e s s u r i z a t i o n  r a t e  of t h e  
motor a t  any t i m e  is d i r e c t l y  r e l a t e d  t o  p re s su re .  Thus, though t h e  i n i t i a l  
rates of motor dep res su r i za t ion  a r e  f a r  less than the  p red ic t ed ,  d e p r e s s u r i -  
z a t i o n  r a t e s  (PP2/na) based on t h e  i n i t i a l  chamber p re s su re ;  t h e r e  w i l l  be  
more agreement a s  the pressure  i n  the  motor f a l l s .  I f  i t  i s  assumed t h a t  
e x t i n c t i o n  a c t u a l l y  occurs a t  100 p s i ,  then the pred ic ted  c r i t i c a l  r a t e s  of 
d e p r e s s u r i z a t i o n  would be much less and would more c l o s e l y  approach t h e  
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experimental  dep res su r i za t ion  r a t e s .  
47,  where dP /d tp red  was sca l ed  down from the  500 p s i  values  of t a b l e  V I  by 
the  r a t i o  of (100/500)2n+1 and the experimental  r a t e s  were s c a l e d  down by 
the  r a t i o  of (100/500). 
and the  experimental  r a t e s  is shown, the re  is s t i l l  a divergence and a d i f -  
fe rence  between the  d i f f e r e n t  b inder  systems. If the  exac t  p re s su res  and 
depres su r i za t ion  r a t e s  a t  e x t i n c t i o n  could be used f o r  comparison, perhaps 
these  d i f f e rences  would no t  be  a s  g r e a t .  
a t t e n t i o n  i n  fu tu re  s t u d i e s .  
rea l  i s  i l l u s t r a t e d  by examining the  burning rate da ta  of f i g u r e  6 .  Over the 

This is shown i n  t a b l e  V I 1  and f i g u r e  

Though b e t t e r  agreement between the  p red ic t ed  r a t e s  

Tbis poin t  c e r t a i n l y  deserves  more 
That t h e  d i f f e r e n c e  between b inde r  systems i s  

TABLE VII. 

Prope 1 l a n  t 
b inder  

PBAN 
PBAN 
UTREZ 
Pu 
CTPB 
PEP 
UTREZ 
PBAN 
UTREZ 

UTREZ - 80% AP 
UTREZ - 76% AP 

UTREZ 
UTREZ 
UTREZ 
UTREZ 
UTREZ 
CTPB 
PBAN 

UTREZ - 4% A 1  
UTREZ - 8% A 1  
UTRJZZ -16% A 1  

UTREZ - 400p AP 
UTREZ - 4% ndls  

- PREDICTED AND Q(PERIMENTAL DEPRESSURIZATION RATES (100 p s i )  

n 

0.384 
0.384 
0.364 
0.195 
0.384 
0.231 
0.325 
0.384 
0.364 
0.325 
0.325 
0.364 
0.384 
0.488 
0.510 
0.467 
0.345 
0.384 
0.250 
0.260 
0.195 
0.445 
0.18 

- 
100 2n 
(500) 
0.29 
0.29 
0 . 3 1  
0.534 
0.29 
0.475 
0.35 
0.29 
0.31 
0.35 
0.35 
0 .31  
0.29 
0.208 
0.194 
0.225 
0.33 
0.29 
0.448 
0,433 
0.534 
0.24 
0.56 

14 400 
14 400 
11 900 
7 1  500 
16 200 
74 000 
13 800 
19 700 
11 900 
9 100' 
4 300 

15 500 
16 000 
13 000 
12 800 
13 400 
30 000 
22 000 
18 500 
18 900 
2 1  200 

8 200 
1 2  400 

100 dP 
dt'exp ' 500 

- 

8 800 
>18 000 

5 000 
5 400 

12 200 
16 000 
5 400 

>12 000 
5 200 
2 400 
1 600 
4 600 
4 600 
5 200 
7 200 
5 400 

>12 800 
12 800 
5 400 
6 000 
5 000 

>14 400 
7 200 

p res su re  range of 250 t o  500 p s i ,  the  PU and polybutadiene p r o p e l l a n t s  have 
nea r ly  i d e n t i c a l  burning r a t e s .  Thus,use of t he  Von Elbe model would pre-  
d i c t  n e a r l y  i d e n t i c a l  dep res su r i za t ion  r a t e s ,  though t h i s  was n o t  found t o  
be  t r u e .  Though the PU p r o p e l l a n t  burning r a t e s  a r e  much h ighe r  than  the  
UTREZ p rope l l an t  burning rates, these  p r o p e l l a n t s  have s imi l a r  te rmina t ion  
c h a r a c t e r i s t i c s .  Furthermore, the a d d i t i o n  of burning r a t e  c a t a l y s t s  t o  
the  b a s i c  UTREZ p rope l l an t  caused l a r g e  inc reases  i n  the  burning r a t e s .  
Thus, increased  terminat ion requirements would be  p red ic t ed  though l i t t l e  
d i f f e r e n c e  was noted experimental ly .  
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Figure 47. Predicted Termination Requirement vs 
Experimental Requirements (100 p s i )  
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The d i f f e rence  between the  b inder  systems i s  not  unexpected. The major 
d i f f e r e n c e s  between the t e s t e d  formulat ions are  t h e  o x i d a t i v e  and thermal 
degrada t ive  proper t ies  of the  b inde r s .  
informa t i o n  concerning t h e  degrada t ion  and combus of t h e  f i v e  polymer 

i n d i c a t e s  t h a t  t he  sys  tems ; however, the a v a i l a b l e  information 2 0 , 2  1,5&:!!3 
more e a s i l y  terminated PU and UTREZ formulat ions a r e  less s u b j e c t  t o  exo- 
thermic (oxida t ive)  degrada t ion  of the polymer and are  more e a s i l y  degraded 
by endothermic thermal decomposition. Con t ra r i ly ,  t he  CTPB and PBAN poly- 
mers should show g r e a t e r  s u s c e p t i b i l i t y  t o  ox ida t ive  degrada t ion  and less t o  
thermal degradat ion.  

There i s  a pauci ty  of q u a n t i t a t i v e  

I n  add i t ion  t o  t h e  polybutadiene polymers be ing  more r e a c t i v e  than poly-  
ure thane ,  Reed, e t  a l , 2 4  have noted t h a t  the  h e a t  of combustion of polybuta-  
d iene  polymer is  g r e a t e r  than t h a t  of polyurethane o r  po lye ther  polymers. In 
a more specu la t ive  ve in ,  i t  a l s o  was pos tu l a t ed  t h a t  the  e m i s s i v i t y  of t h e  
carbonaceous pryolyzed b inder  spec ies  of oxygenated b inde r  systems i s  much 
h igher .  Thus , prope l l an t s  formulated with polybutadiene should have lower 
minimum Pdls ,  as demonstrated by Reed, and should be  less r e a d i l y  ex t inguished  
by r ap id  dep res su r i za t ion  o r  L* techniques a s  was found t o  be  t r u e  i n  the  
course of t h i s  program. 

The lower Pdl limits found by Reed f o r  the  polybutadiene p rope l l an t s  
do, i n  f a c t ,  correspond w i t h  reduced L* e x t i n c t i o n  requirements shown i n  the  
s e c t i o n  e n t i t l e d  I'L* S tud ie s . "  The minimum d e f l a g r a t i o n  p res su re ,  as i t  i s  
gene ra l ly  determined, i s  t h e  L* e x t i n c t i o n  p res su re  f o r  a motor of e s s e n t i a l l y  
i n f i n i t e  L*. Whether or  not  t h e  minimum d e f l a g r a t i o n  p res su re  i s  the  minimum 
i g n i t i o n  pressure i s  a ques t ion  which has  n o t  been reso lved ,  s i n c e  the re  is 
experimental  evidence t o  suppor t  both viewpoints.  I f  t hese  p re s su res  are d i f -  
f e r e n t ,  i t  would be  expected t h a t  P* would be  the  h ighe r  p re s su re .  

Reed and coworkers have a l s o  found t h a t  aluminized p r o p e l l a n t s  con ta in ing  

Since  the  h e a t s  
11% t o  12% of hydroxyl o r  carboxyl  terminated s a t u r a t e d  b inde r  (hydrogenated 
polybutadiene)  had h igher  Pdls than s imi la r  CTPB p r o p e l l a n t s .  
of combustion a r e  e s s e n t i a l l y  the  same, these  d i f f e r e n c e s  may be  due t o  the  
g r e a t e r  s u s c e p t i b i l i t y  t o  ox ida t ive  and thermal degrada t ion  of unsa tura ted  
CTPB b inde r .  This d i f f e r e n c e  i n  Pdl i n d i c a t e s  t h a t  p r o p e l l a n t s  formulated 
wi th  the hydroxyl and carboxyl  s a t u r a t e d  b inders  should be  more e a s i l y  termina 
ted  by r ap id  dep res su r i za t ion  of L* techniques.  A s  shown i n  the  prev ious  s e c -  
t i o n s ,  t h i s  was a l s o  found t o  be t r u e  f o r  the  s a t u r a t e d  polymer, polyisobuty-  
l ene ,  w i th  terminal  carboxyl  groups.  

Com a r i s o n  of the te rmina t ion  c h a r a c t e r i s t i c s  w i t h  concurren t  i g n i t i o n  
s t u d i e s l y  being conducted a t  UTC shows the  ease  of combustion te rmina t ion  t o  
be i n v e r s e l y  r e l a t ed  t o  the  e a s e  of p rope l l an t  i g n i t i o n .  These s t u d i e s ,  sub- 
s t a n t i a t e d  by other  i n v e s t i g a t o r s  ,4 show those  p r o p e l l a n t s  w i th  h igh  i g n i t i o n  
pressures  ( o r  minimum PdlS) a r e  more e a s i l y  terminated by P and L* techniques 
than  those propel lan ts  wi th  lower i g n i t i o n  p res su res .  Datal1 presented  i n  
f i g u r e  4 8  shows t h e  more e a s i l y  terminated KJ and UTREZ p r o p e l l a n t s  con ta in -  
ing  AP t o  have higher minimum i g n i t i o n  pressures  than do those p rope l l an t s  
formulated wi th  CTPB and PBAN b inde r s .  (The e f f e c t  of f l u x  l e v e l  upon i g n i -  
t i o n  de lay  a t  d i f f e r e n t  p re s su re  l e v e l s  is shown f o r  t he  U T E  p r o p e l l a n t  i n  
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f i g u r e  49.) 
same p r o p e l l a n t  formulat ions a s  were t e s t e d  i n  the  course  of t h i s  program, 
wi th  the  exception t h a t  t h e  i g n i t i o n  s tudy p r o p e l l a n t s  contained 0.25% i r o n  
oxide.  I g n i t i o n  s t u d i e s  showed, however, t h a t  c a t a l y s t s  have l i t t l e  e f f e c t  
upon i g n i t i o n  behavior.  

The da ta  shown i n  f i g u r e s  48 and 49 a re  f o r  e s s e n t i a l l y  t h e  

The i g n i t i o n  s t u d i e s  a l s o  showed t h a t  t h e  e f f e c t  of b inde r  d i f f e r e n c e s  
upon i g n i t i o n  behavior is most pronounced i n  t h e  range of W t o  1 .0  am. 
Since  these  d i f f e rences  can be  r e l a t e d  p r imar i ly  t o  the  o x i d a t i v e  and thermal 
degrada t ion  c h a r a c t e r i s t i c s  of the b i n d e r ,  t e rmina t ion  charac t e r i z a  t i o n  s t u d i e s  
conducted a t  exhaust pressures  i n  t h i s  range might a l s o  show g r e a t e r  d i f f e r e n c e s  
i n  b inder  e f f e c t s ,  thereby pe rmi t t i ng  g r e a t e r  d i s c r i m i n a t i o n  of combustion termi- 
na t ion  mechanisms. This was p a r t i a l l y  demonstrated by S R I  s t u d i e s 4  where the  
exhaust  pressure  was shown t o  s i g n i f i c a n t l y  a f f e c t  combustion te rmina t ion  be-  
hav io r .  
ing a t  a l t i t u d e s  where the exhaust  p re s su re  i s  i n  the  range of the  i g n i t i o n  
p res su re ,  the  e f f e c t  of exhaust  p re s su re  deserves  s tudy from both  des ign  and 
mechanis t i c  viewpoints . 

Since many p o t e n t i a l  c o n t r o l l a b l e  s o l i d  rocke t  motors would be  ope ra t -  

A s  was noted i n  the  s e c t i o n  e n t i t l e d  "Additive E f f e c t s , "  i nc reas ing  the  
b inder  con ten t  of a n  AP/PIB formulat ion reduces the  d e p r e s s u r i z a t i o n  r a t e s  
requi red  f o r  combustion te rmina t ion .  These da t a  show t h a t  a t  500 p s i ,  t h e  de-  
p r e s s u r i z a t i o n  r a t e  requi red  f o r  extinguishment was reduced from -20 000 p s i / s e c  
f o r  84% AP t o  -9000 p s i / s e c  f o r  a n  80% AP formula t ion .  Increas ing  the  ox id ize r  
concen t r a t ion  i n  the  p r o p e l l a n t  formulat ion has  the  p o t e n t i a l  of i nc reas ing  t h e  
concen t r a t ion  of r e a c t i v e  s p e c i e s .  Hence, t h e  c o n t r i b u t i o n  of s u r f a c e  and sub- 
s u r f a c e  r eac t ions  t o  the  o v e r a l l  process  may be  increased ,  making t h e  propel -  
l a n t  less suscep t ib l e  t o  e x t i n c t i o n .  Increas ing  the  ox id ize r  concen t r a t ion  
would a l s o  increase  the  h e a t  of combus t i o n ,  thereby poss ib ly  inc reas ing  the  
h e a t  feedback t o  t he  p rope l l an t  s u r f a c e  and making combustion te rmina t ion  more 
d i f f i c u l t .  More impor tan t ly ,  however, t he  lesser f u e l  concen t r a t ion  on the  
p rope l l an t  sur face  and subsequent reduced endothermic py ro lys i s  would a l s o  
tend t o  increase  the  te rmina t ion  requirements .  

Addi t ive  Ef fec t s :  I r o n  oxide and copper chromite burning r a t e  c a t a -  
l y s t s  were se l ec t ed  f o r  s tudy  because of t h e i r  demonstrated e f f e c t s  as 
burning ra te  promoters, AP decomposition c a t a l y s t s ,  and polymer degrada t ion  
c a t a l y s t s .  While both agents  func t ion  t o  inc rease  p r o p e l l a n t  burning r a t e ,  
they do not  funct ion n e c e s s a r i l y  i n  t h e  same manner. 25 I n  f a c t ,  t h e r e  a r e  
s i x  p o s s i b l e  r eac t ion  mechanisms which can be inf luenced i n  d i f f e r e n t  ways 
by these  c a t a l y s t s  a s  fol lows:  

1. AP s o l i d  phase decomposition (exothermic above 300 mm Hg) 

2 .  AP decomposition t o  gaseous spec ie s  

3 .  Exothermic ox ida t ion  of  f u e l  p r i o r  t o  p y r o l y s i s  

4 .  Endothermic f u e l  p y r o l y s i s  
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5. Combustion of ox id izer -der ived  ammonia and p e r c h l o r i c  a c i d  
(exothermic ) 

6 .  Combustion of ox id iz ing  gases  and f u e l  s p e c i e s  (exothermic).  

25 I n  the  c a t a l y t i c  AP thermal decomposition s t u d i e s  publ ished t o  d a t e ,  
i t  has  been found t h a t  copper,manganese, and z i n c  compounds a r e  b e t t e r  c a t a -  
l y s t s  f o r  AP decomposition than i ron-conta in ing  m a t e r i a l s .  Less ex tens ive  
da t a  a l s o  i n d i c a t e  t h a t  copper i s  a b e t t e r  promoter of f u e l  ox ida t ive  degrada- 
t i ~ n . ~ ~  
l y s t s  i s  r ecen t  da t a  obtained by Waesche26 which show the  thermal decomposition 
of the  AP and organic b inder  toge ther  a s  a composite p r o p e l l a n t  t o  be increased  
i n  the  same manner by copper chromite and i r o n  oxide.  

Complicating the  understanding of the  n e t  e f f e c t s  of t hese  two c a t a -  

The e f f e c t  of subsur face  r e a c t i o n  o r  decomposition upon te rmina t ion  of t he  
PIB p rope l l an t s  i s  probably minimal. Addi t ion  of t h e  i r o n  oxide and copper 
chromite c a t a l y s t s  which might be expected t o  inc rease  subsur face  decomposition 
had l i t t l e  o r  no e f f e c t  upon f' o r  Lfc te rmina t ion .  A l s o ,  the  s u b s t i t u t i o n  of 
400 p l a r g e - p a r t i c l e  AP f o r  t he  s tandard  190p increased  k t e rmina t ion  r e q u i r e -  
ments s l i g h t l y ,  though the re  was a s i g n i f i c a n t 1 9  r educ t ion  of subsur face  i n t e r -  
f a c i a l  a r e a .  AP p a r t i c l e  s i z e  was found to  have l i t t l e  e f f e c t  upon PBAA com- 
p o s i t e  p rope l l an t s  conta in ing  no c a t a l y s t s .  However, when 2% copper chromite  
w a s  included , the p t e rmina t ion  requirements were increased  when t h e  average 
p a r t i c l e  s i z e  was increased.  Baer 's  s t u d i e s  a l s o  showed t h a t  the  i n t r o d u c t i o n  
of copper chromite i n  the b a s i c  PBAA p r o p e l l a n t  increased  the  t e rmina t ion  
requirements .  Thus, i t  i s  poss ib l e  t h a t  endothermic thermal decomposition of 
i sobuty lene  p rope l l an t s  i s  a dominant f a c t o r  wh i l e  t he  more e a s i l y  oxidized 
unsa tura ted  binders  such a s  PBAA a r e  a f f e c t e d  by both  exothermic ox ida t ive  
and endothermic thermal decomposition and would b e  more a f f e c t e d  by the  i n -  
c l u s i o n  of burning rate c a t a l y s t s .  

The con t rad ic to ry  e f f e c t  of aluminum on f' and L* t e rmina t ion  behavior  i s  
p r e s e n t l y  unexplainable ,  It would be expected t h a t  t h e  presence of h o t  a lumi-  
num on t h e  propel lan t  s u r f a c e  would a c t  as a h e a t  source ,  making P and L* 
e x t i n c t i o n  more d i f f i c u l t  and causing r e i g n i t i o n  i n  marginal  d e p r e s s u r i z a t i o n  
s i t u a t i o n s .  In  a d d i t i o n ,  combustion of the  aluminum p a r t i c l e s  w i l l  i n c r e a s e  
the  h e a t  of combustion, thereby inc reas ing  gas-phase h e a t  feedback. Also,  
the  aluminum combustion products  i n  the  gas phase w i l l  cause increased  r a d i a -  
t i o n  h e a t  feedback, The apparent  d i f f e r e n c e  between the  negligible e f f e c t  
shown upon terminat ion and t h e  marked e f f e c t  upon L* te rmina t ion  deserves  
g r e a t e r  a t t e n t i o n  i n  f u t u r e  s t u d i e s .  It was found, huwever, i n  t h e  course  of 
the  AFOSR i g n i t i o n  s t u d i e s l l  t h a t ,  i f  s u r f a c e  a b s o r b t i v i t y  d i f f e r e n c e s  a r e  
compensated fo r ,  a d d i t i o n  of aluminum has  no e f f e c t  upon arc-image furnace 
de lays  of PBAN prope l l an t s .  Whether t h i s  ho lds  f o r  s a t u r a t e d  b inde r  systems 
was no t  determined. 

Analys is  of the problem of e x t i n c t i o n  permanence has  rece ived  less a t t e n -  
t i o n  than the  i n i t i a t i o n  of e x t i n c t i o n .  
i g n i t i o n  theory of f o r  development of a r e i g n i t i o n  c r i t e r i a .  The Paul 
i g n i t i o n  model is based upon a thermal i g n i t i o n  de lay  p lus  a pressure-dependent  

Cohen17 has a t tempted t o  use  the  
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chemical de lay .  I n  u t i l i z i n g  t h i s  model, Cohen pos tu l a t ed  t h a t  s i n c e  the  
p r o p e l l a n t  has a thermal p r o f i l e  a t  t he  po in t  of e x t i n c t i o n ,  r e i g n i t i o n  w i l l  
occur i f  t he  chamber pressure  f a i l s  t o  f a l l  below the  minimum i g n i t i o n  pres-  
s u r e ,  pk, i n  a t i m e  per iod s h o r t e r  than the  chemical i g n i t i o n  de lay .  Vice 
ve r sa ,  i f  t he  drop i n  p re s su re  from t h e  e x t i n c t i o n  p res su re  t o  below t h e  W 
occurs i n  a n  i n t e r v a l  s h o r t e r  than the  t i m e  necessary t o  r e i n i t i a t e  combus- 
t i o n ,  e x t i n c t i o n  w i l l  be permanent. 

The model obviously does no t  descr ibe  those  s i t u a t i o n s  where the  plc is  

The @ resu l t s  
less than the  ambient p re s su re .  Since the  p re s su re  i n  the  motor cannot f a l l  
below the  W, r e i g n i t i o n  would be  predic ted  t o  always occur.  
and the  concurrent  i g n i t i o n  s t u d i e s l l  have shown t h i s  t o  be  i n v a l i d .  
t he  b a s i c  p rope l l an t s  wi th  plc below the  ambient pressure  l e v e l  were s t i l l  ex- 
t inguished .  Furthermore, the l i g h t  sensor  da t a  of t a b l e  V i n d i c a t e  t h a t  a t  
lower LJ; va lues ,  e x t i n c t i o n  of the UTREZ p rope l l an t s  was achieved a t  p re s -  
s u r e s  considerably above the minimum i g n i t i o n  p res su re .  The f i lm  s t u d i e s  
a l s o  demonstrated t h a t  p rope l l an t  r e i g n i t i o n  was o f t e n  caused by the  r e t e n -  
t i o n  of h e a t  i n  the  i n h i b i t o r  used t o  c o n t r o l  p rope l l an t  burning a r e a ,  a 
problem no t  considered i n  any a n a l y s i s .  These r e s u l t s  demonstrate t he  need 
f o r  development of an understanding of both te rmina t ion  and r e i g n i t i o n  pheno- 
m e n a  which can provide a r e l i a b l e  b a s i s  f o r  t he  development of engineer ing  
des ign  methods . 

A l l  
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THEORETICAL STUDIES 

T h e o r e t i c a l  s t u d i e s  w e r e  in i t ia ted  l a t e  i n  the  r e s e a r c h  p r o g r a m  
t o  p r o v i d e  a b a s i s  f o r  the  i n t e r p r e t a t i o n  of c o m b u s t i o n  t e r m i n a t i o n  and  
r e i g n i t i o n  d a t a .  The  b a s i c  a p p r o a c h  wi l l  be  to  fo l low t h e o r e t i c a l l y  the  
r e s p o n s e  of the  t e m p e r a t u r e s  in  the c o m b u s t i o n  zone  to  the  p r e s s u r e  
d e c a y .  By including the e f f e c t s  of c h e m i c a l  r e a c t i o n s  on  and  within the 
so l id  p h a s e  and h e a t  t r a n s f e r  f r o m  the  g a s  p h a s e ,  t h e  t h e r m a l  h i s t o r y  
following d e p r e s s u r i z a t i o n  c a n  be followed and  the  condi t ions  p roduc ing  
r e i g n i t i o n  d e t e r m i n e d .  The  combus t ion  m o d e l  u s e d  i n  t h i s  i nves t iga t ion  
is c u r r e n t l y  unde r  s tudy  a t  UTC in ign i t ion  and  c o m b u s t i o n  i n s t a b i l i t y  
r e s e a r c h  p r o g r a m s .  

The  t r a n s i e n t  b e h a v i o r  of the so l id  p h a s e  i s  m o d e l e d ,  a t  l e a s t  t o  a 
f i r s t  a p p r o x i m a t i o n ,  by the  one -d imens iona l  f o r m  of t h e  t r a n s i e n t  hea t  c o n -  
duc t ion  equa t ion  expanded  to  include the e f f ec t s  of e x o t h e r m i c  r e a c t i o n s .  
T h i s  equat ion  i s  

w h e r e :  

T = t e m p e r a t u r e  

x = d i s t a n c e  in to  the  so l id  f r o m  the  s u r f a c e  

t = t i m e  

CY = prope l l an t  t h e r m a l  diffusivi ty  

i- = l i n e a r  burn ing  r a t e  of t he  p rope l l an t  

Z ,  = A r r h e n i u s  preexponent ia l  f ac to r  f o r  s o l i d - p h a s e  
c o m b u s  t ion  r e a c t i o n s .  
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At the  s u r f a c e  of the  p r o p e l l a n t ,  a h e a t  b a l a n c e  i n d i c a t e s  t ha t  the  
to t a l  h e a t  r e c e i v e d  by the s u r f a c e  i s  given by 

w h e r e :  

k = t h e r m a l  conduct iv i ty  

p = prope l l an t  d e n s i t y  

Z ,  = A r r h e n i u s  p reexponen t i a l  f a c t o r  fo r  e x o t h e r m i c  s u r f a c e  
r eac t ions  

E, = Activat ion e n e r g y  f a c t o r  fo r  e x o t h e r m i c  s u r f a c e  r e a c t i o n s  

P = p r e s s u r e  

F = heat f lux f r o m  g a s - p h a s e  c o m b u s t i o n  zone  to  so l id  s u r f a c e .  

The  t e r m s  on the r i g h t - h a n d  s i d e  of equat ion 5 r e p r e s e n t  

(I) = heat  suppl ied  f r o m  the f l a m e  zone ( g a s - p h a s e  r e a c t i o n  
zone a f in i te  d i s t a n c e  away  f r o m  the s u r f a c e )  

( 2 )  = heat  g e n e r a t e d  a t  the  s u r f a c e  by h e t e r o g e n e o u s  r e a c t i o n s  
between the  so l id  ox id i ze r  d e c o m p o s i t i o n  g a s e s  a n d  the  
exposed  fuel  m a t r i x  

( 3 )  = heat  r e l e a s e d  b e c a u s e  of gas i f i ca t ion  of p r o p e l l a n t  a t  the 
s u r f a c  e ,  

Deep  within the p r o p e l l a n t ,  t he  t e m p e r a t u r e  r e m a i n s  c o n s t a n t  a t  t he  
i n i t i a l  t e m p e r a t u r e  of the  p rope l l an t .  I d a t h e m a t i c a l l y ,  t h i s  c a n  b e  e x p r e s s e d  
a s  

To comple t e  the m a t h e m a t i c a l  m o d e l ,  a n  e x p r e s s i o n  a l s o  i s  needed  
f o r  the  r e g r e s s i o n  r a t e  i n  t e r m s  of the  s u r f a c e  t e m p e r a t u r e .  In  t h i s  a n a l y -  
s i s ,  i t  h a s  been  a s s u m e d  tha t  the l i n e a r  b u r n i n g  r a t e  is d e t e r m i n e d  by 
s o m e  o v e r a l l  py ro lys i s  r a t e  of t he  so l id  p h a s e .  M a t h e m a t i c a l l y ,  t h i s  c a n  
be e x p r e s s e d  

k = Z 2  e x p  ( - E  / R T  S ) (7)  
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B e f o r e  the  r e s p o n s e  of the  p reced ing  equa t ions  t o  p r e s s u r e  p e r t u r b a -  
t i o n s  c a n  be  s tud ied ,  t h e  e f f ec t  of p r e s s u r e  on the g a s - p h a s e  h e a t  t r a n s f e r  
m u s t  be c o n s i d e r e d .  This  effect ,  which  h a s  r e c e i v e d  a t t en t ion  i n  s e v e r a l  
s t u d i e s ,  is the r e s u l t  of a complex  i n t e r a c t i o n  be tween d i f fus iona l  p r o c -  
e s s e s ,  which  a r e  independent  of p r e s s u r e ,  and  c h e m i c a l  r e a c t i o n  p r o c  - 
e s s e s ,  which  a r e  highly p r e s s u r e  dependent .  
t h e r e b y  diff icul t  t o  eva lua te  t h e o r e t i c a l l y  as shown by P e n n e r .  
p u r p o s e  of t h e s e  p r e l i m i n a r y  t h e o r e t i c a l  s t u d i e s ,  t he  v a r i o u s  c o m p l e x  the0  - 
r e t i c a l  r e l a t i o n s  f o r  the e f fec t  of p r e s s u r e  on the  g a s - p h a s e  h e a t  f lux,  
c a n  be a p p r o x i m a t e d  by the e m p i r i c a l  e x p r e s s i o n  

The  ne t  p r e s s B e  e f f ec t  is  
F o r  the  

Fo, 

F = F 0 (FYI 
0 

w h e r e  the s u b s c r i p t  o r e f e r s  t o  s t e a d y - s t a t e  condi t ions  

To s tudy  the  r e i g n i t i o n  and t e r m i n a t i o n  p r o b l e m ,  s o l u t i o n s  to  th i s  s e t  
o i  equa t ions  will  be sought  a s s u m i n g  t h e  p r e s s u r e  fo l lows  the  r e l a t i o n  

P - P exp  (-At) (p - pf) = ( 0 f) ( 9 )  

w h e r e  Pf i s  t h e  s t e a d y - s t a t e  p r e s s u r e  a f t e r  c h a m b e r  d e c o m p r e s s i o n .  Af t e r  
t he  p r e s s u r e  h a s  r e a c h e d  Pf, the t e m p e r a t u r e  h i s t o r y  of the combus t ion  
zone  c a n  be followed to  d e t e r m i n e  i f  s u r f a c e  e n e r g y  r e l e a s e  o r  i f  a u x i l i a r y  
hea t ing  of t h e  so l id  p h a s e  by gas- f low p h e n o m e n a  is su f f i c i en t  t o  p r o d u c e  
r e i g n i t i o n  o r  i f  ex t ingu i shmen t  has  indeed  been  ach ieved .  In th i s  way,  both 
t e r m i n a t i o n  and r e ign i t ion  c a n  be s tud ied  s i m u l t a n e o u s l y .  

To s i m p l i f y  the so lu t ion ,  the v a r i a b l e s  c a n  be e x p r e s s e d  i n  the  following 
d i m e n s i o n l e s s  f o r m s  

5 = x E  /CY 
0 
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W h e r e  ro i s  the s t e a d y - s t a t e  c o m b u s t i o n  ve loc i ty  and  CY = k / C  p ,  the  
equa t ions  become  

P 

5 - 0 0  e - 1 . 0  

(15) 

. (15a) ' 

w h e r e :  

0 
F 

V 
ZCY AH 

3 - Z P  

pT C 3 T r  9 P = c T " '  i pC T o  
0 " O P  000 P S  0 P S  

and  q = , z  E -  I O  - 
p =  

E x a c t  solut ion of equat ions  14  . and 15 i s  d i f f icu l t  b e c a u s e  of the  
n o n l i n e a r i t y  of t h e s e  e x p r e s s i o n s .  In  o r d e r  t o  c i r c u m v e n t  t h i s  p r o b l e m ,  a 
f in i te  d i f f e rence  a l g o r i t h m  w a s  deve loped  fo r  d ig i t a l  c o m p u t e r  so lu t ion .  
Equa t ion  14 in con t inuum f o r m  r e p l a c e d  the  f in i te  d i f f e r e n c e  a p p r o x i m a -  
t i on  as shown by equat ion 16  w h e r e  the  m e s h  poin ts  of the d i f f e r e n c e  
s c h e m e  a r e  r e p r e s e n t e d  by i f r o m  i = 1 a t  the p r o p e l l a n t  s u r f a c e  to  n a t  
a point  nA5 within the  so l id  p rope l l an t .  

Solid P h a s e  

t t t t .  . t .  
2 3 4 5  i 

Gas P h a s e  

For  i = 2 ,  3 ,  4, i, n 

t 
n 
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W r i t i n g  the boundary  condi t ion equat ion a t  t; = 0 i n  f in i te  d i f f e r e n c e  f o r m  
we obta in  

T h i s  equat ion  m a y  be d i f fe ren t ia ted  
t o  give 

with r e s p e c t  to the t i m e  v a r i a b l e ,  7 ,  

R e a r r a n g i n g  g ives  

T h u s ,  equat ion  16 p lus  the n - 1  equat ions  of the f o r m  of e q u a -  
t ion  14 p r o v i d e a  s e t  of n s i m u l t a n e o u s  d i f f e r e n t i a l  equat ions  which  c a n  
be so lved  with the a id  of a d ig i ta l  c o m p u t e r .  F r o m  equat ions  9 and  8 ,  
we obta ined  P, aP/ZW, and a q / a r ,  and the  t i m e  d i f f e r e n t i a l  f o r m  of 
equa t ion  7 .  

In  t h e s e  s t u d i e s ,  a me thod  of so lu t ion  h a s  b e e n  u s e d  wh ich  is qu i t e  
unique i n  solving the t r a n s i e n t  diffusion and c h e m i c a l  r e a c t i o n  equa t ions .  
First, a s y s t e m  of o r d i n a r y  d i f f e ren t i a l  equa t ions  is g e n e r a t e d  f r o m  the  
r e l e v a n t  p a r t i a l  d i f f e ren t i a l  equat ion by d i s c r e t i z a t i o n  i n  terms of the  
s p a c e  v a r i a b l e ,  and then the sequence  of v a l u e s  of the dependen t  v a r i -  
ab l e  a t  the m e s h  poin ts  a r e  r e g a r d e d  a s  new dependen t  v a r i a b l e s .  Th i s  
l e a d s  to  a s y s t e m  of o r d i n a r y  d i f f e ren t i a l  equa t ions  ( i n  d e r i v a t i v e s  with 
r e s p e c t  t o  t i m e ) .  T h i s  m e a n s  of so lu t ion  of b o u n d a r y  va lue  p r o b l e m s  
w a s  ex tens ive ly  explo i ted  f o r  some  t i m e  i n  ana logue  c o m p u t e r  w o r k  
f o r  so lu t ion  of s u c h  p r o b l e m s  a s  t r a n s i e n t  conduct ion of h e a t  i n  s o l i d s .  
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I n  ana logue  compute r  work ,  the l i m i t a t i o n  is u s u a l l y  the  c a p a c i t y  of t he  
c o m p u t e r .  The r e l a t i v e l y  r e c e n t  deve lopmen t  o f  d i g i t a l  c o m p u t e r  s u b -  
r o u t i n e s  ( "package  s o l v e r s " )  f o r  so lu t ion  of l a r g e  o r d e r  s y s t e m s  of d i f f e r e n -  
t i a l  equa t ions  has  b rough t  "ana logue  d i s c r e t i z a t i o n "  m e t h o d s  to  a c o m p e t i t i v e  
m e a n s  f o r  solving c e r t a i n  types  of p a r t i a l  d i f f e r e n t i a l  e q u a t i o n s .  

The  spec i f i c  advan tages  of t h i s  a p p r o a c h  t o  s o l u t i o n  of b o u n d a r y  
p r o b l e m s  m a y  be l i s t e d  as follow: 

A. 

B. 

C. 

D. 

The  p r o g r a m m i n g  t i m e  is  r e d u c e d  to  a m i n i m u m  as m o s t  
of the diff icul t  p r o g r a m m i n g  h a s  been  done i n  the  d e v e l o p -  
m e n t  of the  o r d i n a r y  d i f f e r e n t i a l  equa t ions  s u b r o u t i n e .  
A l so ,  the c o m p u t e r  running  t i m e  f o r  t he  d i f f e r e n t i a l  e q u a -  
t ions  a p p r o a c h  s e e m s  to  o f f e r  a n  advan tage  c o m p a r e d  to 
p r o b l e m s  involving d i f f e renc ing  in  both the  s p a c e  and t i m e  
s t e p s .  

N u m e r i c a l  c o n v e r g e n c e  p r o b l e m s ,  i .  e .  , c o n v e r g e n c e  
p r o b l e m s  a r i s i n g  i n  n u m e r i c a l  so lu t ion  of the  p a r t i a l  
d i f f e ren t i a l  equa t ions ,  a r e  r e l e g a t e d  to p r o b l e m s  of c o n -  
v e r g e n c e  of so lu t ions  of s y s t e m s  of o r d i n a r y  d i f f e r e n t i a l  
equat ions .  M o s t  s u b r o u t i n e s  f o r  so lu t ion  of o r d i n a r y  
d i f f e ren t i a l  equa t ions  have  s o m e  m e a n s  of a s s u r a n c e  of 
n u m e r i c a l  c o n v e r g e n c e  of the  so lu t ion .  

Conver s ion  of a boundary  va lue  p r o b l e m  into a s y s t e m  
of o r d i n a r y  d i f f e r e n t i a l  equa t ions  p r o v i d e s  a m e a n s  of 
handl ing n o n l i n e a r  d i f f icu l t ies .  T h i s  po in t  is p a r t i c u l a r l y  
i m p o r t a n t  b e c a u s e  m a n y  of o u r  equa t ions  involve  a n  expo - 
nent ia l  A r r h e n i u s  t e r m  as we l l  as r e a c t a n t  p r o d u c t  t e r m s .  

The  capac i ty  of the d i f f e r e n t i a l  equa t ion  "package  s o l v e r s "  
is  suf f ic ien t ly  l a r g e  to  a l low u s e  of a f a i r l y  l a r g e  n u m b e r  
of m e s h  poin ts  i n  the  d i s c r e t i z a t i o n .  

P r o g r a m m i n g  and c o m p u t e r  checkout  s t u d i e s  us ing  the  p r e c e d i n g  
equa t ions  h a s  been comple ted .  
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CONCLUSIONS 

Both the  rap id-depressur iza t ion  and c r i t i c a l  chamber geometry combus t i o n  
extinguishment c h a r a c t e r i s t i c s  of s e v e r a l  series of composite p r o p e l l a n t s  
were examined i n  a n  e f f o r t  t o  e luc ida te  the  mechanisms of combustion e x t i n -  
guishment. The e f f e c t  of b inder  s t r u c t u r e  was examined wi th  CTPB, PUN, PEP, 
PU, and UTREZ nonaluminized p rope l l an t s .  The in f luence  of c a t a l y s t s ,  ox id i ze r  
loading l e v e l ,  AP p a r t i c l e  s i z e ,  AP coa t ings ,  and aluminum loading upon ter- 
minat ion behavior  were examined with a series of UTREZ p r o p e l l a n t s .  

S i g n i f i c a n t  d i f f e rences  i n  both P and L* te rmina t ion  c h a r a c t e r i s t i c s  
were noted between p rope l l an t s  comprised of d i f f e r e n t  b inde r s ,  b u t  the  mecha- 
nism re spons ib l e  f o r  these  changes have y e t  t o  be  i d e n t i f i e d .  While no exac t  
measure of combustion p r o p e r t i e s  of t h e  b inde r  sys  t e m s  was obtained,  r e s u l t s  
sugges t  t h a t  the butadiene polymers a re  more e a s i l y  degraded by ox ida t ive  
mechanisms , whi le  the UTREZ and polyurethane b inders  e x h i b i t  poorer r e s i s t a n c e  
t o  degradat ion by thermal mechanisms. These d i f f e r e n c e s  r e s u l t e d  i n  h igh  
c r i t i c a l  dep res su r i za t ion  r a t e s  and low L* p res su re  l e v e l s  f o r  t h e  polybuta- 
d iene  p rope l l an t s  and lower k requirements b u t  h igher  LJc pressure  f o r  the UTREZ 
and PU prope l l an t s .  

Concurrent arc-image furnace s t u d i e s  demonstrated the  minimum i g n i t i o n  
pressures  of the  PEP, CTPB, and P’BAN p rope l l an t s  t o  be  lower (0.1 t o  0.03 a t m )  
than t h e  minimum i g n i t i o n  pressures  of t he  PU and UTREZ p rope l l an t s  (0.2 and 
0.4 atm, r e s p e c t i v e l y ) .  Also the  LJf pressure  f o r  l a r g e  L* values  (%OO i n . )  
corresponded t o  t h e  minimum i g n i t i o n  p res su re  l e v e l s .  

Increas ing  the  f u e l  conten t  of a series of UTREZ p rope l l an t s  r e s u l t e d  
i n  a n  inc rease  of the L* pressure  levels and a lowering of the c r i t i c a l  de-  
p r e s s u r i z a t i o n  r a t e s .  These f indings suggest  the  endothermic thermal decom- 
p o s i t i o n  of the  UTREZ b inder  has a s i g n i f i c a n t  i n f luence  on the te rmina t ion  
process .  

S u b s t i t u t i o n  of l a r g e - p a r t i c l e ,  coarse  AP ( 4 0 0 ~  ) f o r  the s tandard  190p 
p a r t i c l e s  r e s u l t e d  i n  a s l i g h t  increase  of ]i, t e rmina t ion  requirement9,  wh i l e  
s u b s t i t u t i o n  of coa r se  AP coated with 1.5% Kel-F had no e f f e c t  upon P o r  L* 
behavior .  

The a d d i t i o n  of d i f f e r e n t  concentrat ions of i ron-oxide and copper-chromite 
bu rn ing - ra t e  c a t a l y s t s  had l i t t l e  or  no e f f e c t  upon and L* behavior  of t h e  
AP-UTREZ system, though these  c a t a l y s t s  d id  modify t h e  b a l l i s t i c  parameters .  
These and the  r e s u l t s  of the  l a s t  paragraph above sugges t  subsur face  decomposi- 
t i o n s  have l i t t l e  e f f e c t  upon the  te rmina t ion  c h a r a c t e r i s t i c s  of UTREZ o r  o t h e r  
sa tu ra  ted polymer p r o p e l l a n t  sys tems , 

S u b s t i t u t i o n  of aluminum powder f o r  AP r e s u l t e d  i n  b u t  a s l i g h t  i n c r e a s e  
of t h e  P requirements of t he  UTREZ p r o p e l l a n t  system though the  L* p re s su re  

9 1  



UTC 2243-FR 

l e v e l s  increased markedly wi th  increas ing  aluminum concen t r a t ion .  In t roduc-  
t i o n  of 4% aluminum needles  i n t o  a p rope l l an t  conta in ing  16% t o t a l  aluminum 
caused both the f-' t e rmina t ion  requirements and the  burning ra te  t o  be i n -  
c reased  g r e a t l y .  

Corre la t ion  of t he  experimental  P te rmina t ion  requirements wi th  Von Elbe- 
model-type predicted requirements showed q u a l i t a t i v e  agreement. However, a 
l a r g e  number of except ions t o  the genera l  t rend  i n d i c a t e s  t h i s  type  of a n a l y s i s  
had l i t t l e  p o t e n t i a l  f o r  a p r i o r i  p r e d i c t i o n s .  

Photomicrograph examination of the Lfc-terminated UTREZ prope l l an t  su r -  
faces  showed t r i ca l c ium phosphate,  o the r  contaminants,  and poss ib ly  AP t o  
e x i s t  a s  a melt on the  sur face  during combustion p r i o r  t o  e x t i n c t i o n .  Com- 
par ison with propel lan ts  formulated wi th  o t h e r  b inders  showed the  ex tens ive  
mel t ing  t o  be pecul ia r  t o  the UTREZ and PEP b inder  systems. 

Examination of t h e  UTREZ prope l l an t s  conta in ing  aluminum showed the  s u r -  
faces  t o  be covered wi th  a s i n t e r e d  network of aluminum b a l l s .  Agglomeration 
of the o r i g i n a l  b a l l s  was evidenced by aluminum b a l l s  up t o  s e v e r a l  hundred 
microns i n  diameter. 

High-speed f i lm  s t u d i e s  showed r e i g n i t i o n  of 6- terminated g r a i n s  t o  be  
caused i n  some ins tances  by t h e  p rope l l an t  i n h i b i t o r .  Thermal energy s t o r e d  
i n  t h e '  polymer i n h i b i t o r  o f t e n  caused r e i g n i t i o n  s e v e r a l  seconds a f f e r  complete 
combustion terminat ion of t h e  g r a i n .  Based on these  observa t ions ,  P da t a  ob- 
ta ined  i n  laboratory motors may n o t  be d i r e c t l y  a p p l i c a b l e  t o  working, w e l l -  
i n h i b i t e d  motors un le s s  t he  des ign  i s  made s u f f i c i e n t l y  conserva t ive .  

The r e i g n i t i o n  c r i t e r i a  based on the c r i t i c a l  d e p r e s s u r i z a t i o n  t i m e  concept 
was shown t o  be i n v a l i d .  Successfu l  P and L* te rmina t ion  was achieved though 
the  backpressure was g r e a t e r  than the  minimum i g n i t i o n  p res su re  of t he  t e s t e d  
p r o p e l l a n t  . 

A theore t i c a l  model of combus t i o n  te rmina t ion  behavior  was developed and 
s u c c e s s f u l l y  programmed f o r  f u t u r e  computer s o l u t i o n .  
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